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Abstract
The demand for high capacity, long-haul telecommunication systems is 
increasing at a steady rate, and will be expected to accelerate in the coming decade. At 
the same time, communication networks that cover long distances and serve large areas 
with a large information capacity are also in increasing demand. To satisfy the 
requirements on long distances and low cost, the communication channel must have a 
very low loss and low component count. A large information capacity can only be 
achieved with a wide system bandwidth which can support a high data rate (> 40 
Gbits/s). Therefore it is important to increase the bandwidth of the communication 
network whilst also limiting the loss through the system. A way to achieving this is 
represented by the so-called all-optical signal processing.
This thesis investigates the practical realisation of an all-optical 2R 
(Re-amplification, and Re-shaping) regenerator, employing an InGaAsP/InGaAsP 
multiple quantum wells (MQW) semiconductor laser amplifier (SLA) integrated with a 
passive saturable absorber (SA) device with recovery time made short by means of ion- 
implantation. The saturable absorber should have strong non-linearity to the input 
signal, to suppress low-power noise accumulated in long-haul optical systems, whereas 
the waveguide amplifier will provide the signal re-amplification function in the system.
This work focuses on the fabrication process and experimental analysis of the 
semiconductor laser amplifier/saturable absorber (SLA/SA) devices. In particular we 
investigate the SLA and SA characteristics separately for simplicity. The design and 
fabrication issues encountered during the fabrication process are discussed, and the key 
characteristics that determine the SLA behaviour such as the amplified spontaneous 
emission (ASE), the gain, the output saturation power, and gain recovery time will be 
covered; and for the SA, characteristics such as the non-linearity and recovery time.
In addition, the use of ion implantation to create electrically isolated InGaAsP 
devices is studied. The work presented although not yet demonstrating a fully functional 
integrated SLA/SA for use as a regenerator in an all-optical system offering channel 
rates > 40 Gb/s and higher, offers a tool towards the determination of the best device 
and material design parameters to achieve the desired functionality for the SLA/SA.
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Chapter 1
Introduction
The demand for high capacity, long-haul optical fibre communication systems is 
increasing at a steady rate, and will be expected to accelerate in the coming decade. At 
the same time, optical communication networks that cover long distances and serve 
large areas with a large information capacity are also in increasing demand. To satisfy 
the requirements for long distances and low cost, the transmission channel must have a 
very low loss and low component count. A large information capacity can only be 
achieved with a wide system bandwidth which can support a high data rate 
(> 40 Gbits/s). Therefore it is important to increase the bandwidth of the optical 
network, as the huge signal bandwidth inherent to optical fibres is not yet fully 
exploited, whilst also limiting the loss through the system.
One reason that limits the full utilization of the optical fibre bandwidth is determined by 
the electronics used to process the data from transmission to the receiving end. Also in 
long-haul transmission, optical fibre suffers from two principal limiting factors: 
attenuation and dispersion. Attenuation leads to signal power loss, which limits 
transmission distance. Dispersion causes optical pulse broadening and hence 
inter-symbol interference, leading to an increase in the system bit error rate (BER). A 
way to overcome these limitations is represented by the so called all-optical signal 
processing. Basic system functions such as signal amplification, demultiplexing, or 
switching can, in principle, be achieved in the optical domain at a much higher speed 
than in the electronic domain. By using all-optical signal processing, system speed and 
hence bandwidth can be increased, and to compensate for system loss all-optical 
regeneration can be used. This can be either 2R (re-amplification, re-shaping) 
regeneration or a complete 3R regeneration which includes clock re-timing.
For all-optical networks, simple, fast, reliable, flexible and cheap optical components 
are desired. Such a component, with high interest in fibre communications is the
15
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semiconductor laser amplifier (SLA). Recently there has been growing interest in SLAs 
due to their ability to amplify and process optical signals over a wide range of bit rates 
at modest operating requirements.
In an optical system where fibre loss is the limiting factor, an in-line SLA can be used 
instead of a complex 3R regenerator. The in-line amplifier needs only to carry out one 
function which is amplification of the input signal compared to full regeneration. This is 
fundamentally a more reliable and less expensive method. However, there is still a 
limitation to the number of amplifiers that can be cascaded in a long-haul optical 
communication system before full regeneration is required to restore the signal shape. 
This is because continuous amplification will reach a point where the main signal 
becomes severely distorted beyond recovery due to the accumulated noise being 
amplified through the amplifiers. One simple method to overcome this problem is by 
employing a non-linear optical component at each stage in order to eliminate the low 
power noise and prevent further build up.
A semiconductor saturable absorber (SA) is an example of a simple, compact and cheap 
non-linear optical component. It has an intensity-dependent nonlinear response to an 
input optical signal. This means if an optical pulse (e.g. soliton) passes through a SA, 
the low-power noise experiences higher loss compared with the central part of the pulse 
which will saturate the absorber. The SA’s non-linear transmission increases with 
increasing input power, therefore it can selectively absorb the low-power signal noise 
while being transparent for the main signal pulse. This non-linear characteristic 
combined with an optical amplifier is a simple all-optical 2R regeneration scheme.
Simulation at University College London has shown that incorporating a non-linear 
semiconductor saturable absorber after the amplifier will help to reshape the pulse, 
increase the error-free transmission distances, and the inter-amplifier spacings whilst 
preserving an all-optical connection [1][2]. The drawback of semiconductor saturable 
absorbers is the long recovery time of the non-linear absorption, but techniques such as 
ion implantation can be used to reduce the SA recovery time, and promising results 
have been demonstrated recently [3].
16
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Semiconductor laser amplifiers are compact, electrically pumped and have a large 
optical bandwidth. Moreover, there is also flexibility in the choice of the gain peak 
wavelength by appropriately selecting the material composition of the active layer 
design. The semiconductor saturable absorbers are passive devices, so no signal sources 
or electric power are required, which makes the system simple and possibly lower cost. 
The key advantage of the SLAs and SAs is that these devices can be integrated with 
other active or passive optical components to generate more complex functionalities. By 
utilizing ion implantation to create a fast SA, this technique at the same time would be 
able to integrate the SA together with an SLA in the same waveguide, offering an 
integrated 2R regeneration component which will be able to overcome the noise penalty 
arising from the unsaturated loss of the ion implanted normal incidence saturable 
absorber devices [4][5]. The integrated SLA/SA proposed for this work will be realised 
by ion implantation from the direction normal to the multiple quantum well (MQW) 
plane through the top of the waveguide rather than through the laser facet [6], hence 
giving more flexibility and control in choosing the implantation depth and the saturable 
absorber interaction length.
1.1 Outline of the thesis
This thesis describes the design, fabrication and characterisation of MQW InGaAsP 
integrated two section semiconductor laser amplifier implanted saturable absorber 
(SLA/ISA) devices; and MQW InGaAsP PIN implant isolated photodiodes.
The motivation behind the SLA/ISA is the application potential of this kind of devices 
in the field of optical communications, with the possibility of achieving high bit-rates 
(> 40 Gbit/s) optical transmission. The motivation for the PIN photodiode fabrication 
by ion implantation is to investigate the use of ion implantation for inter-device 
electrical isolation on the MQW InGaAsP/InP material system. From these, a number of 
objectives can be identified:
• To design and fabricate a semiconductor laser amplifier suitable for the 
incorporation of a saturable absorber by ion implantation normal to the MQW 
junction plane.
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• To characterise experimentally the properties of the semiconductor laser 
amplifiers.
• To characterise experimentally the properties of the saturable absorbers.
• To use ion implantation in order to obtain fast recovery time for the saturable 
absorber.
• To develop a test system for which waveguide devices can be characterised to 
determine whether they meet the desired requirements.
• To investigate the use of ion implantation as a means of inter-device electrical 
isolation for InP based devices.
This thesis is divided into seven main chapters. They are organised as follows:
Chapter 2 starts with an introduction to optical communication systems, giving a basic 
introduction to the wavelength division multiplex (WDM) and dense wavelength 
division multiplex (DWDM) transmission system. Then examples of transmission 
impairments and methods to compensate for these are discussed, concluding with an 
overview and examples of some regeneration techniques.
Chapter 3 covers the basic operating principle and design of the SLA and SA devices. It 
first covers the SLA design including the structures, materials, and methods to reduce 
the cavity resonance. The second part describes the operating principle of the SAs, and 
then the application of ion implantation. Important ion implantation parameters are 
introduced, and simulation results for the ion stopping range are presented.
Chapter 4 discusses in detail the process steps and issues encountered during fabrication 
of the SLA/ISAs and implant isolated PIN photodiode devices.
Chapter 5 describes the experimental systems used to characterise the SLAs and SAs, 
and to obtain the results, presented in Chapter 6. The device alignment and fibre 
coupling configuration are first described. Then the configurations for SLA 
characterisation -  amplified spontaneous emissions (ASE) measurement, gain 
measurement; and for the SA characterisation -  short pulse saturation measurement are 
described. The pump-probe system for device recovery time measurement is described 
in detail.
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Chapter 6 presents the measured results from SLA/SAs and the implanted PIN 
photodiodes, investigated under various device operating conditions. Key characteristics 
that determine the SLA behaviour are the ASE, the gain, and the noise figure. The 
contrast ratio and the saturation energy are of interest for the SAs. Their dependence 
associated with the active waveguide length is discussed. The leakage current and 
device capacitance for the implant isolated PIN photodiode is covered at the end of the 
chapter.
Finally, Chapter 7 summarises the results of this thesis and draws conclusions from the 
whole body of the work conducted. Recommendations and suggestions for future 
improvement are then given.
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Chapter 2 
Overview of high capacity 
communication systems
Optical communications, the transmission of information via light signals, is a dynamic 
field that has helped revolutionize the businesses of telecommunications, data 
communications, and video distribution. In their simplest form, optical communication 
systems consist of 1) semiconductor laser sources which convert electrical information 
signals into light signals, 2) optical fibres which transmit these light signals over long 
distances with high fidelity, and 3) semiconductor photodiodes which convert the light 
signals back into electronic signal form.
Laboratory demonstrations of the laser (in the early 1960s) [1][2] and low loss optical 
fibre (in the 1970s) [3][4][5] heralded a boom in optical communications research, 
which resulted in the first commercial deployment of optical communication systems by 
the early 1980s. These early systems featured data rates comparable to the best 
electrical and radio transmission systems of the day (in the tens of Mb/s range), and 
boasted reduced costs associated with the ability to transmit light signals over relatively 
long distances in optical fibre. Not only are optical fibres far less lossy than traditional 
coaxial cables (thus permitting longer transmission distances), fibre is capable of 
transmitting signals at much higher data rates than coaxial cable. As the speed of digital 
electronics increased, these technologies were applied directly to increasing the speed of 
optical transmission systems. By the late 1980s, commercially deployed systems had 
data rates exceeding 1 Gbit/s.
The establishment of the world wide web made possible the extensive use of graphics, 
sound and video and has led to more and more complex designs for web pages and
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sites. These new ideas and applications have led to greater demand for transmission 
bandwidth and speed over long haul systems as today’s information exchange occurs 
internationally and instantly. The rapid growth of the internet and telecommunication 
usage has created pressures on existing systems and the bandwidth offered by service 
providers, making them in danger of becoming overloaded and unable to cope with 
demand.
2.1 Resolving the bandwidth bottle-neck
To meet capacity demands, two basic choices for upgrading the bandwidth of fibre 
communication networks are:
■ Installing more fibre, which would turn out to be an expensive exercise.
■ Develop new technologies that will enhance the capacities of existing cables.
One way to alleviate fibres exhaustion is to lay more fibres, however this has proved to 
be uneconomical and troublesome over long haul system, at the same time service 
providers also realise that the full capability of the optical fibre has yet to be fully 
utilised.
Looking at the possibility of enhancing the capacities used in existing fibre, an 
alternative method for increasing capacity is to increase the bit rate using time division 
multiplexing (TDM), where TDM increases the capacity of fibres by slicing time into 
smaller intervals so that more bits (data) can be transmitted per second. This was able to 
increase the transmission capacity significantly, but when channel bit rates increase to 
40 Gb/s and above this would become difficult as the clock extraction circuit required 
will be complex and expensive.
With the realisation that the use of conventional electronic switching mechanisms is 
rapidly reaching its capacity limits, subsequent development of wavelength-division 
multiplexing (WDM) techniques and its succeeding development dense wavelength
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division multiplexing (DWDM) has provided the response to the ever growing 
challenge of increases capacity demand.
B C A C B A ADa,aA - / H H l r  
DataB i H H r  
DataC 0 0 0 “
(a) TDM -  combines traffic from multiple input onto one fibre in the time domain
Independence of bit rate 
and signal formats
(b) DWDM/WDM -  merge optical traffic into one common fibre using different wavelength
Figure 2.1: (a) TDM versus, (b) DWDM fibre transmission capacity [6].
2.2 WDM and DWDM
At its simplest, the wavelength division multiplex (WDM) system and its later 
emergence dense wavelength division multiplexing (DWDM) can be viewed as a 
parallel set of optical channels, each using a slightly different light wavelength, but all 
sharing a single transmission medium. As an example, 40 wavelengths at 40 Gb/s each 
and in the same fibre raise the aggregate bandwidth to 1.6 Tb/s; this is 1.6 trillion bits in 
1 second. Because incoming signals are never terminated in the optical layer, the 
interface can be bit-rate and signal format independent, allowing the service provider to 
integrate the technology easily with existing equipment in the network while gaining 
access to the untapped capacity in the embedded fibre. This technical solution can 
increase the capacity of existing networks without the need for expensive recabling and 
can significantly reduce the cost of network upgrades. In the DWDM system, the word 
‘dense’ simply refers to a later development with a potential number of wavelengths of 
more than 1,000 coupled into a fibre.
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The advantages of WDM/DWDM:
■ Saving on the provision of fibre cables and ducts.
■ Saving on transmission equipment, such as optical amplifiers and signal 
regenerators.
■ Shorter lead time to add new capacity compared with installing new fibre.
■ Greater flexibility in network planning.
■ WDM is not constrained by a lack of network standard -  fibre is adopted as a global 
medium and carries simultaneous streams of information in their native format (such 
as ATM or IP), without the need to package or encapsulate them independently of 
each other.
■ Multiple services available independently on a single fibre (such as ATM and frame 
relay).
DWDM systems offer an attractive, cost-effective way for the telecommunications 
industry to expand network bandwidth. This new technology allows service providers to 
meet ever-growing requirements for new services and have greater flexibility in the 
provision of these services. The DWDM system can easily reach transmission 
capabilities several times those of traditional TDM systems and still offering more 
potential capability.
Consider a highway analogy where one fibre can be thought of as a multilane highway. 
Traditional TDM systems use a single lane of this highway and increase capacity by 
moving faster on this single lane. In optical networking, utilizing DWDM is analogous 
to accessing the unused lanes on the highway (increasing the number of wavelengths on 
the embedded fibre base) to gain access to an incredible amount of untapped capacity in 
the fibre. An additional benefit of optical networking is that the highway is blind to the 
type of traffic that travels on it. By using DWDM, service providers can establish a 
grow-as-you-go infrastructure, which allows them to add current and next-generation 
TDM systems for virtually endless capacity expansion. DWDM also gives service 
providers the flexibility to expand capacity in any portion of their networks -  an 
advantage no other technology can offer.
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Using WDM/DWDM to open 
untapped capacity. Capacity can 
be added only when it is required.
Higher bit rate TDM system can 
be added to the underlying DWDM 
system as necessary.
Figure 2.2: Analogy of DWDM system expansion capability [6].
The technology that allows this high-speed, high capacity transmission is the optical 
amplifier. Optical amplifiers operate in a specific band of the frequency spectrum and 
are optimized for operation with existing fibre, making it possible to boost optical 
signals of multiple wavelengths (channels) and thereby extend their reach without 
converting them back to electrical form, and as the amplification is shared across all 
channels, far fewer amplifiers are needed. In a network with over 100 channels, the 
optical amplifier could easily handle a terabit of information per second.
2.3 Transmission impairments
In a long haul optical fibre communication system, optical signal propagation suffers 
degradation due to loss, dispersion, and fibre non-linearities. The impairments imposed 
by optical fibre transmission are briefly described here.
2.3.1 Fibre loss
Attenuation in optical fibre leads to a reduction of the signal power as the signal 
propagates over some distance. This is mainly caused by material absorption caused by 
impurities and Rayleigh scattering generated by random fluctuations of the refractive
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index caused by density fluctuations in the fibre core. These two effects depend on the 
wavelength of light propagating.
2.3.2 Fibre dispersion
Dispersion is the widening of pulse duration as the pulse travels through a single mode 
fibre (SMF). As a pulse widens, it can broaden enough to interfere with neighbouring 
pulses in the fibre, leading to intersymbol interference. Dispersion thus limits the pulse 
spacing and the maximum transmission rate on a fibre optic system.
One form of dispersion is material dispersion (sometimes referred to as chromatic 
dispersion). In a dispersive medium, the index of refraction is a function of the 
wavelength. Therefore, certain wavelengths will propagate faster than other 
wavelengths if the transmitted signal consists of more than one wavelength causing 
pulse broadening.
Another cause of dispersion is waveguide dispersion. In a single-mode fibre, only about 
80 percent of the optical power transmitted is confined to the core. Dispersion arises 
because the remaining 20 percent of the light propagating in the cladding travels faster 
than the light confined in the core. The amount of waveguide dispersion depends on the 
fibre design, since the modal propagation constant (P) is a function of the size of the 
fibre’s core relative to the wavelength of operation.
(a) Ideal eye diagram  (b) Time jitter only (c) Intersymbol (d) Both time jitter and
interference only intersymbol interference
Figure 2.3: Eye diagram of an ideal system and system with impairments.
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2.3.3 Fibre non-linearities
The optical fibre can be thought of as a linear medium, however the response of any 
dielectric to light becomes non-linear for intense electromagnetic fields, and it is no 
exception for optical fibres. The waveguide geometry that confines light to a small cross 
section over long fibre lengths makes the nonlinear effects quite important in the design 
of modem optical systems [7]. With proper control of the non-linear interaction, system 
performance can be enhanced. Without this control, system degradation can be severe. 
The most important effect is the non-linear refractive index which can be expressed as,
P
n = n0 + n 2 —  (2 . i )
Where,
no = the refractive index of the fibre core at low optical power levels.
Hi = the non-linear refractive index coefficient (2.35 x 10'20 m2/W for silica).
P = the optical power in Watts.
Aeff = the effective area of the fibre core in square meters.
Non-linear effects in fibre may potentially have a significant impact on the performance 
of WDM optical communications systems [7]. Nonlinearities in fibre may lead to 
attenuation, distortion, and cross-channel interference. In a WDM system, these effects 
place constraints on the spacing between adjacent wavelength channels, limiting the 
maximum power on any channel, and may also limit the maximum bit rate.
Fibre non-linear effects are due to:
1) Non-linear refraction in an optical fibre where the index of refraction depends 
on the optical intensity of signals propagating through the fibre [8], which leads 
to the effects of self-phase modulation (SPM) and cross-phase 
modulation (XPM).
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2) Stimulated Raman scattering (SRS) caused by the interaction of light with 
molecular vibrations.
3) Stimulated Brillouin scattering (SBS) where the frequency shift is cause by 
sound waves rather than molecular vibrations.
4) Four-wave mixing (FWM) which occurs when two wavelengths operating at 
frequencies/; and/2, respectively, mix to cause sidebands signals at 2/; - /2  and 
2 /2  - / ;  that can cause interference.
2.4 Compensation of transmission impairments
2.4.1 Signal modulation format
The modulation format is also an important consideration in the design of ultra-long- 
haul systems. Digital modulation formats utilize light pulse intensity to represent ‘1’ 
digit and its absence as 'O’. Generally when one pulse is designated to represent a ‘1’ 
digit, the format is called Return to Zero (RZ). On the other hand if two (or more) 
pulses are connected when a sequence of ‘l ’s appears, the format is called Non Return 
to Zero (NRZ). Soliton format (RZ) primarily uses one soliton to represent ‘1’ digit and 
takes advantage of its robust nature.
Using RZ modulation, systems can be designed to be more robust against impairments 
such as self-phase modulation and polarization mode dispersion [9]. By using 
solitons [10], the effects of dispersion and self-phase modulation can be held in balance. 
In this case, dispersion induced pulse spreading is balanced by pulse narrowing induced 
by self-phase modulation so that the pulse shape is maintained over a longer distance. 
Although, RZ modulation offers improved performance and better tolerance [11], 
transmitters for RZ modulation are more complex and expensive than those of NRZ 
modulation.
Economic considerations ask for fibre communication system with a maximum error- 
free transmission distance and with maximum amplifier and regenerator spacing.
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Optimisation of the signal format is able to provide some compensation for signal 
distortion, however it is still not sufficient for reaching long distance error free.
Data 0 1  1 o i o
RZ M  I |_________I ______
NRZ _________I ______
Soliton A A A
Figure 2.4: Various modulation format for information transfer in fibre.
2.4.2 Periodic amplification
In order to compensate for the loss limitations, semiconductor laser amplifiers (SLA) 
can be placed at periodic intervals along the optical fibre link as shown in Figure 2.5, 
providing re-amplification (1R regeneration) [12]. The gain of each amplifier is set to 
exactly compensate for the loss in the preceding fibre span. Optical amplification can 
also be achieved using erbium doped fibre amplifiers (EDFA). An EDFA consists of a 
length of optical fibre which has been doped with Er3+ ions. If it is optically pumped at 
a suitable wavelength, population inversion of the Er3+ ions occurs enabling the fibre to 
support stimulated emission.
TransmftW
Amplifier Amplifier Amplifier
Q j\jQ
Fibre span Fibre span
Figure 2.5: Fibre transmission system using periodic amplification
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The semiconductor laser gain element has been known from the beginning since the 
realisation of semiconductor laser devices, but it was held back with difficulties as a 
practical in-line amplifier, as it was difficult to reduce reflections, and its short time 
constant led to unacceptable non-linear effects. The development of the EDFA was a 
crucial step in long-distance transmission, and had practically put off interest in the 
semiconductor laser amplifier (SLA) as a gain element. However, there are also 
limitations to the EDFA, and later development of new applications based on the fast 
response time of semiconductor material have revived interest in SLAs.
The downside of EDFAs is that they are not small devices and requires external pump 
source, and cannot be integrated with other semiconductor devices. EDFAs also 
introduce cross talk, generating timing jitter, and are limited by the gain saturation.
2.5 Regeneration
A basic component in long-haul lightwave systems is the regenerator. The role of 
regenerators is to remove the noise, jitter and distortion in the received signal; amplify 
the weak signal; and recondition (re-timing and re-clocking) the signal. Regenerators 
that have three functions: re-amplifying, re-shaping, and re-timing are known as 3R 
regenerators. Regenerators without retiming are 2R (re-amplification, re-shaping) 
regenerator; and a 1R (re-amplification) regenerator is the amplifier by itself for 
example.
The goal of ultra-long-haul systems is to eliminate or minimize the need for electronic 
regenerators, which comes at a high cost and will hinder the process of future system 
upgrade. Therefore, research interest has turned away from electronic regenerators, in 
favour of all-optical (transparent) regeneration systems. All-optical regeneration 
provides the same functionality as optoelectronic regeneration, but is performed without 
requiring the signal to be converted into the electrical domain, hence providing 
transparency to the communication link. Since in a DWDM system regenerators pass 
through huge amounts of data, it is desirable that they are duplicated so that when one 
regenerator degrades or fails, the others in-line are still able to continue to provide
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uninterrupted regeneration functionality. For this work, 2R regenerators are of great 
interest as 3R regenerators consist essentially of a 2R regenerator gated by the output of 
a clock recovery system, and that clock recovery at ultra-high bit-rates still comprises a 
significant challenge.
SLAs can be used at the end of each fibre span to boost the power of the DWDM signal 
channels to compensate for fibre attenuation in the span. However, the use of an SLA 
does not eliminate noise that are generated by fibre impairments or ASE noise from 
EDFAs employed in the transmission link. These severe impairments limit the reach 
and capacity of a DWDM system, and these noise contributions add cumulatively along 
the amplifier chain. This noise can be eliminated using a non-linear semiconductor 
saturable absorber (SA). The integration of the semiconductor laser amplifier implanted 
saturable absorber (SLA/ISA) would realise a 2R regenerator for application in the 
long-haul high-capacity DWDM system as illustrated in Figure 2.6. The SLA/ISA is the 
main interest of this work, the design consideration for the SLA/ISA will be described 
in the next chapter.
x .
a ,n a ,n
Transmitter Repeater Receiver
Figure 2.6: Ultra-high capacity DWDM optical transmission system employing SLA/ISAs.
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2.6 Optical regeneration schemes and examples
It is clear from the previous discussions that signal regeneration is one of the critical 
functions for future long haul all optical networks. Many different techniques have been 
proposed and demonstrated for all optical 2R and 3R regenerators. One of the most 
widely implemented optical regeneration techniques is using nonlinear optical gates, 
namely, based upon semiconductor optical amplifier (SOA) technology and saturable 
absorbers (SAs). One method of realising the nonlinear gate is based on an optical 
interferometer employing SOAs at its branches. The principle of operation is based on 
the optically induced change in the carrier density on one of the interferometer 
branches, which results in a change in the phase of the optical signal due to the carrier 
density dependent refractive index [13]. The interferometric devices are capable of 
performing together wavelength conversion of the regenerated signal. Different 
configurations have been used such as Mach-Zehnder [14] [15], Michelson [16], and 
delayed interference [17] [18].
Another approach to realise optical regeneration is based on the utilisation of an 
electroabsorption modulator (EAM) [19] [20] [21] or passive SA as the nonlinear gate, 
both of which have very similar operation characteristic. For the EAM, the distorted 
data is injected into the modulator and the signal will modify the EAM’s transmisivity 
according to the nonlinear transfer function of the modulator. 3R regeneration schemes 
using the EAM for both reshaping and clock extraction have been proposed and tested 
with 10 Gb/s RZ pulses [22].
The SA principle of operation is that when illuminated with an optical signal with peak 
power below the saturation threshold, the photonic absorption of the SA is high and the 
device is opaque to the signal. Above threshold, the SA transmittance rapidly increases 
and reaches a point where it saturates to transparency. The regenerative properties of the 
SAs make it possible to reduce accumulated amplified spontaneous noise in the “0” bits, 
resulting in a higher contrast between mark (“1”) and space (“0”), hence increasing 
system performance. However, the SAs do not suppress intensity noise in the “1” level 
which makes it incomplete for regeneration. Hence, optical filtering is typically used
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following the SAs to account for this noise suppression. The passive SA is preferable to 
the EAM due to the fact that the SA including the optical filtering component is fully 
passive, which is of high interest for long-haul submarine systems where maintenance 
and power usage must be kept minimal.
The SAs nonlinear gate can be implemented in different ways, with one possibility 
based on either the non-linear optical loop mirrors (NOLMs) [23] or non-linear 
amplifying loop-mirror (NALM) [24]. However, the most promising approach uses 
semiconductors. The semiconductor SAs rely upon the control of the carrier dynamics 
through the material’s recombination centres. Key device operation parameters are 
saturation energy, recovery time, and contrast ratio (ratio of the transmission at high and 
low input powers). The disadvantage of semiconductor SAs is the long recovery time of 
the absorption saturation characteristic, but in recent years techniques such as low 
temperature growth [25] or ion implantation have been utilised to reduce the recovery 
time [26] [27] [28].
Error-free propagation of 5 Gb/s 27-l PRBS signal over 30,000 km and 2.5 Gb/s 27-l 
PRBS signal over 60,000 km, in a fibre re-circulating loop set up was achieved by 
employing an integrated semiconductor optical amplifier-saturable absorber module 
(SOA-SA) [29][30]. The SOA-SA module was fabricated by ion-implantation through 
one facet of a bulk laser diode chip with antireflection coatings on both sides. The re­
circulating loop fibre consisted of 25 km standard single mode telecommunications 
fibre, a 1300 nm MQW in-line SO A, a 3 nm bandpass filter and the SOA-SA module at 
the end of the chain. The operation was mainly limited by pattering effects due to the 
slow gain recovery time of the SOA. In order to compensate for the patterning effect, 
the MQW in-line SOA was replaced with a gain-clamped SOA (GC-SOA) [31]. Using 
GC-SOA and a 10 Gbit/s 231-1 PRBS RZ signal, over 5000 km error-free transmission 
was demonstrated in a recirculating loop of 25 km SMF span.
Mangeney et. al. reported the use of a heavy-ion irradiated MQW SA vertical cavity 
device in a 10 Gbit/s all-optical pulse discrimination experiment at a wavelength of 
1532.5 nm resulting in 3 dB contrast enhancement. Implementation of the device in a
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160 km re-circulating loop made it possible to successfully transmit a 10 Gbit/s RZ 
signal over 12,000 km and to demonstrate for the first time an increase in the 
transmission distance by a factor of 2.5. More recently, 2R regeneration and 
performance improvement was reported in a 40 Gb/s [33] and 20 Gbit/s [34] WDM 
transmission system using a 1.55 nm quantum well ion-implanted SA based 
regeneration scheme. The regeneration configuration consisted of an EDFA before and 
after the ion implanted SA, a 2 km span of standard NZ-DSF fibre, and optical filtering 
component. The MQW SA used was implanted with 11 MeV N+ ions at a density of 
1011 cm'2, in order to reduce the SA recovery time to 10 ps. In the case of the 20 Gbit/s 
WDM transmission, error free transmission distance as increased from 6,200 km to 
7,800 km. Whereas in the 40 Gb/s system test, a Q-factor of 13 was measured after 
transmission over 7,600 km. Without the SA the Q-factor fell below 6 after less than 
4,000 km. Marianna et al. demonstrated for 27-l and 231-1 PRBS modulated signals, an 
error-free transmission distance improvement from 1600 km to 5840 km in a 10 Gb/s 
recirculating loop of dispersion compensated standard fibre (SMF) with 80 km 
amplifier spacing, incorporating a 2R regenerator comprising an ion implanted 
InGaAsP MQW SA, a highly non-linear fibre and an optical filter [35]. The MQW SA 
used was implanted with 4 MeV N+ ions at a density of 3 x 1012 cm'2, and at high 
temperature (200°C).
Another possibility for all-optical regeneration is the use of in-line synchronous 
modulation [36] with an EDFA, and this method is commonly used in conjunction with 
narrow-band filtering [37]. This is an example of a 3R regeneration scheme, where the 
signal is re-amplified by the EDFAs, and re-shaped and re-synchronised by the 
modulators. The synchronous modulation regeneration scheme however requires 
soliton-like pulses, as otherwise time and intensity noise cannot be controlled.
Another possibility of 2R regeneration that has only recently become of interest to 
research is based on the effect of Four Wave Mixing (FWM). Using either a 
semiconductor laser amplifier [38] or dispersion shifted fiber (DSF) [39], 2R 
regeneration based on FWM has been demonstrated experimentally. The FWM 
technique is advantageous because of the simplicity of the arrangement, and the
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combination of wavelength conversion functionality with the regeneration. However, it 
is polarisation dependent.
An overview of the communication systems impairments and regeneration systems have 
been cover in this chapter. In the next chapter, the design and basic operation principle 
of the semiconductor laser amplifier and the passive saturable absorber component is 
discussed, and integration of the saturable absorber with the semiconductor laser 
amplifier by means of ion implantation through the top of the waveguide rather than 
through the laser facet [30][31], as has been used in all previously reported work will be 
covered.
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Chapter 3
Semiconductor laser amplifiers 
and multiple quantum well 
saturable absorbers: 
theory and design
The future prospects of high-speed, long-distance optical fibre communication systems 
depend heavily on the availability of low-cost optical amplifiers which can compensate 
for the build-up of losses in optical fibre cables over long distances. The two types of 
optical amplifiers that exist are semiconductor laser amplifiers and fibre amplifiers. 
Semiconductor laser amplifiers are essentially laser diodes operating in the linear 
amplification region below the oscillation (lasing) threshold, whereas fibre amplifiers 
are optical fibres doped with erbium ions (Er3+) to provide optical gain. Fibre amplifiers 
have the advantages of easy and efficient coupling to optical fibres, but semiconductor 
laser amplifiers have the inherent advantages of compactness and can be integrated with 
other opto-electronic components.
The semiconductor laser amplifiers will be the focus of this work and will be discussed 
in more detail in the following sections. The principle of operation for the 
semiconductor saturable absorber is discussed in the later sections, and method of 
reducing its recovery time will be covered.
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3.1 Semiconductor laser amplifier
Semiconductor laser amplifiers (SLA) are based on a conventional laser device 
structure -  an active waveguide region sandwiched between a p-region and an n-region. 
When light is coupled into the active waveguide, and a bias current is applied to inject 
current into the active region, stimulated emission induced by a population inversion 
occurs, causing electron-hole pairs to recombine and generate more photons, hence 
optical amplification is achieved. A schematic diagram of a typical basic SLA structure 
is shown in Figure 3.1. The active region not only provides the gain, but also confines 
the light and acts as a waveguide guiding the signal propagation. However, the optical 
confinement is weak so some of the signal will leak into the surrounding lossy cladding 
regions. In this case, the output signal will also be accompanied by additive noise 
produced by the amplification process itself, and there will also be ripples in the gain 
spectrum due to the reflection from the amplifier facets.
C urait bias
Active reginn 
an d  w aveguide
Figure 3.1: Schematic of a basic semiconductor laser amplifier structure.
Depending on the actual structure, SLAs can be classified into two main types:
■ Travelling wave semiconductor laser amplifier (TW-SLA), where the signal 
undergoes a single-pass through the amplifier and the facet reflections are negligible.
i
■ Fabry-perot semiconductor laser amplifier (FP-SLA), where the reflections from the 
facets are significant, and the signal undergoes many passes through the amplifier.
Output facet
input facet
Input signal
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For FP-SLA, the end-facets with power reflection coefficients R1 and R2 (Figure 3.2) 
are responsible for providing the optical feedback into the amplifier. This finite 
reflection arises because of the discontinuities of the refractive index between the 
semiconductor and air interface [1]. Due to the finite reflectivities of the facets, 
resonating characteristics of the cavity will modulate the material gain spectrum 
introducing ripples in the amplifier gain spectrum [2]. The level of ripples will affect 
the bandwidth of the SLA; if the ripple level exceeds 3 dB, the bandwidth of the 
amplifier will be reduced to that of a single longitudinal cavity mode [3][4][5][6][7]. 
The gain ripple of the amplifier is proportional to the number of signal feedback, and 
therefore can be minimised by reducing the number of times the signal is reflected from 
the end facets. In the TW-SLA, the facets reflectivities can be reduced by depositing 
anti-reflection (AR) coatings on to the facets [8][9].
The TW-SLA signal gain is more stable than the FP-SLA, and is less sensitive to 
structural parameters and operational conditions such as fluctuations in bias current, 
temperature and signal polarisation [5][ 10]. The TW-SLA is preferred as an amplifier in 
DWDM systems because of its single-pass characteristic, and also due to the fact that it 
has a wider bandwidth than the FP-SLA, as the ripples along the FP-SLA gain spectrum 
reduces its bandwidth. Therefore, the TW-SLA will be the main focus of this work. The 
structural design of the TW-SLA will be discussed in detail in later sections, and the 
term “SLA” to follow will be referred to as the TW-SLA unless otherwise specified.
R1 R2
Input
OutputOutput
Reflective facets 
(a) Fabry-perot SLA
Input Output
-►
Antireflection coatings
(b) Travel ling-wave SLA 
Figure 3.2: Basic types of SOA (a) fabry perot, (b) single-pass travelling-wave.
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FP-SLA
TW-SLA
3dB
CO32,c
3 dB bandwidth
Optical frequency, f
Figure 3.3: Comparison o f gain spectrum of the FP-SLA and TW-SLA; an ideal TW-SLA has a smooth 
gain spectrum. The FP-SLA gain spectrum exhibits ripples caused by reflections at the end facets.
3.2 Fundamental device characteristics
The application of SLA is as a basic optical gain block, and a list of the desired 
properties for typical SLA devices are:
■ High gain and gain bandwidth
■ Negligible facet reflectivities
■ Low polarisation sensitivity
■ High saturation output power
■ Insensitive to the input signal modulation characteristics
■ Multi-channel amplification ability with no crosstalk
■ No nonlinearities
3.3 Device structure design
The structural design of an SLA has a large impact on its performance. Several 
structural designs are considered in order to achieve characteristic as near as possible to 
the theoretical requirement of an SLA as described above.
41
Chapter 3: Semiconductor laser amplifiers and multiple quantum well saturable absorber
The efficiency of an SLA is improved firstly by using double-heterostructure (DH) 
wafer material, in this type of structure the active region (undoped) is sandwiched 
between the p-type and n-type cladding regions. In the DH structure the active region 
has a slightly higher refractive index than the cladding regions and so behaves as a 
dielectric waveguide with a rectangular cross-section. This helps to confine light 
travelling through the device to the active region. The amount of waveguiding is 
quantified by the optical confinement factor (T), defined as the fraction of the energy of 
a particular waveguide mode confined to the active region.
If the waveguide is sufficiently narrow, it will only support a single transverse mode 
with two possible polarisations, the transverse electric (TE) mode where the electric 
field is polarised along the heterojunction plane and the transverse magnetic (TM) mode 
perpendicular to the TE mode. The mode is transverse because the associated electric 
and magnetic fields are both normal to the direction of propagation. Single transverse 
mode operation helps to reduce modal gain dependency as the optical confinement 
factor is mode dependent and also improves the coupling efficiency from the device to 
an optical fibre.
The ridge depth (distance from the ridge top to the material left above the active layer) 
is also a key parameter. The depth controls both transverse waveguiding of the optical 
mode and the current confinement in the device. If the etch to form the ridge is not 
sufficiently deep, the current will spread so that a significant fraction of the current will 
be wasted pumping parasitic regions of the device in which the optical field is small. 
The optical mode will not be optimally confined. If the etch is too deep, the optical 
mode will intersect the top lossy metal contacts, causing the waveguide loss to increase. 
The optical mode dependence on the ridge height is illustrated in Figure 3.5.
There is a well-defined refractive index step between the intrinsic and cladding regions 
in the y-direction in order to confine the light propagation. However, in the x-direction 
there is no such step, and hence waveguiding in the x-direction is achieved by the 
injected carriers. The width of the ridge waveguide also controls the lateral current 
spreading and determines the current threshold.
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Cunent bias
spread ing
n-type
Heteroju net ions
Active region
Figure 3.4: Cross section of a double-heterostructure SLA.
paths
Optical
mode
Active
region
(a) (b)
Figure 3.5: Optical mode of the waveguide depending on the ridge height, (a) shallow etch, (b) deep etch.
3.4 Quantum well material
A structure where thin layers (< 20 nm) of two different semiconductor materials are 
formed alternately, one on top of the other, is known as a semiconductor multiple 
quantum well (MQW) structure [11]. The thin layer is called a potential well, and the 
neighbouring layers with wide band-gap energies are called potential barriers.
Figure 3.6(a) illustrates the density of states comparison for a bulk semiconductor (left) 
and quantum well (right), and (b) the energy band diagram for the single quantum well. 
In Figure 3.6(a), the hatched regions shows the same volume density of electron and 
holes distributed in energy space for bulk (left side) and quantum well (right side) 
structures. As can be observed, the electrons fill up the available states and will reach a 
higher energy for the quantum well, than for a bulk active layer. This higher energy
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state occupancy feature enables a broader gain spectrum using quantum well active 
regions [12]. The quantum well composition (which fixes the band gap energy in the 
well region, Egw) and thickness (Lz), together with the barrier region composition (that 
determines the band gap energy in the barrier region, Egb) determine the positions of the 
discrete levels Ee1, Ee2, Ee3, and so on. Level Ee1 to Eh1 determines the long-wave-length 
end of the gain spectrum. Whereas the short-wavelength (or higher-energy) end of the 
gain spectrum is determined by the loss of electron confinement in the quantum wells. 
This loss of electron confinement is primarily determined by the barrier energy gap Egb. 
The design of the barrier and well material and thickness needs to be considered to 
ensure the required wavelength and gain spectrum is achieved. Multiple quantum wells 
are typically used to achieve the required gain as the modal gain provided by a single 
quantum well is quite limited. Using an MQW structure, a large gain coefficient can be 
obtained at relatively low current density compared with bulk structures, and this will 
allow saturation characteristics to be improved without greatly impairing amplification 
gain.
note t e n d y o l  S la te  O f HotePcrfeityol States
Figure 3.6: (a) Parabolic and step density of states for bulk semiconductor (left side) and quantum well 
(right side). For a given volume density of carriers, electrons fill up to a greater depth for the quantum 
well, (b) Discrete electron and hole energies from restricted z direction movement in a confined quantum
well.
44
Chapter 3: Semiconductor laser amplifiers and multiple quantum weU saturable absorber
In InP laser amplifier material, InGaAsP is often used in the active layer and guide 
layer. By changing the respective concentrations of the In and Ga, and the As and P in 
InGaAsP, materials with various wavebands may be fabricated. In order for InGaAsP 
to form a stable layer on the InP substrate, the lattice constant of the InGaAsP must be 
matched to that of the InP [13].
3.5 Material parameters of InGaAsP
The band-gap energy in the Ini.xGaxAsyPi.y quaternary and its dependence on the alloy 
compositions are known to be very important device parameters, and they have received 
considerable attention in the past [14] [15] [16]. Semiconductor wafer material 
parameters such as the lattice constant and crystal density exhibit a linear dependence 
on the alloy composition (known as the Vegard’s law) [14]. The alloy composition for 
the InGaAsP quaternary is important as it affects the device operation parameters, and 
knowledge of the lattice matching and crystal density of the quaternary and ternary 
layers in the wafer structure is important for a more accurate modelling of ion 
implantation in the material. The lattice constant and crystal density for a quaternary 
material can be calculated using an interpolation scheme that relates the quaternary 
parameter to the values of the constituent binaries (according to Table 3.1), depending 
on the alloy composition [17].
AD AC BC BDMaterial Parameter, Q -
InP InAs GaAs GaP
Lattice constant (A ) 5.8688 6.0584 5.6533 5.4512
Density (g/cm3) 4.787 5.667 5.307 4.130
Table 3.1: Lattice constant and crystal density o f InP, InAs, GaAs, GaP [17].
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The lattice matching relations between the material compositions x and y can be 
expressed as,
x ~ O A ly  for (0 < y < 1.0), (3.1)
or more rigidly on InP substrate,
xss  0.1894y------- for(0< y <1.0), (3 2)
0.4184-0.013y V J }
The quaternary material, Ai-xBxCyDi.y [Ini-xGaxAsyPi-y], is known to be constructed 
from the four binary compounds: AC [InAs], AD [InP], BC [GaAs], and BD [GaP]. The 
quaternary material parameter (Q) can, thus, be derived from the four binary parameters 
by using the interpolation scheme,
Q(x, y) = (1 -  x)yBAC + (1 -  *)(1 -  y)BAD + xyBBC + *(1 -  y)BBD (3.3)
And, if one of the four binary parameters is lacking, the quaternary parameters can be 
obtained by the following expression,
Q(x, y) = xBbc + ( y -  x)BAC + (1 -  y)BAD (3.4)
As a summary, Equation (3.3) can be rearranged to calculate the lattice constant, ‘a’ for 
a particular quaternary material Ini_xGaxAsyPi.y, lattice matched to InP,
ai ,^Ga,As, ,^ (*> y) = (1 -  x)yaMl + (1 -  x)(l -  y)a,nP + xya0aM + x(l -  y)aGaR (3.5)
and for crystal density, ‘g’ of Ini.xGaxAsyPi.y, Equation (3.3) can be rearranged,
a.,*,I",., (■*. y) = (! -  x)yg*»M + (1 -  ^ )(l -  y)gmr + xygacAs + *0  -  y)Sa»p <3-6)
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For example, the density for respective material layers from the MR1654 wafer 
(Section 4.4.1, Figure 4.8a) can be obtained,
8 in 0.n Ga047As = 5.4978 g / cm3 (doping not considered) (3-7)
8 In06iGa035As0S9P0Ai(Barrier) — 5 - 1376 g  / O H  (3.8)
8 lno-n GaozlAso tP0 2 (Quantum-Well) ~ 5.3987 g  /  C lfl  (3.9)
3.6 Optical modes in waveguide
Within the cavity of the SLA the light propagates along the active layer guided by the 
ridge waveguide. The propagating situation reflects the optical field distribution of light 
emitting from the output facets. The behaviour of the propagating light can be analyzed 
using the waveguide theory [18]. The propagating fields are generally separated into a 
lateral mode and a vertical mode, which is known as the transverse electric (TE) and 
transverse magnetic (TM) modes respectively. The TE mode is in a direction parallel to 
the active layer, and the TM mode is in a direction perpendicular to the active layer.
3.1.1 Optical Mode Solver
In order to have an initial idea of how the mode propagation occurs in a simple ridge 
waveguide structure, a modelling program called FWave IV, developed at the
University of Glasgow by Dr. M. Taylor is used to calculate the guided propagation 
modes in the ridge waveguide structure for the epitaxial wafer used here. FWave is 
based on a finite difference implementation of the vector electromagnetic wave 
equation [18]. The program calculates the modes of waveguides structure invariant in 
two directions; it solves explicitly for the horizontal and vertical components of the 
electric field, and calculates the effective index of the waveguide corresponding to each 
mode, which is further required to relate to the confinement factor of the mode.
The basic ridge waveguide structure that can be modelled is shown schematically in 
Figure 3.7. It is assumed to be symmetrical about the central of the ridge. The ridge
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guide structure can be built up to maximum of 64 layers from the substrate. The 
parameters required for each layer are the refractive index and their respective 
thickness; whereas other critical parameters are the cladding depth, ridge width and 
height, and the side of the ridge trench on both side of the ridge (x size). For the SLA 
ridge waveguide, the cladding is assumed to be air.
Plane of symmetry
X dze
Cladding
depth
Ridge
height La^er 1
L a£ r4
U£r5
Layer n (max. 63) ;* aubetrate depth
Figure 3.7: Basic schematic of ridge waveguide structure settings required for FWave modelling. Shown 
also are the parameter settings required for the model.
The optical modes and respective effective refractive index calculated for the SLA ridge 
structure using MR1654 epitaxial structure is shown in Figure 3.8. The structure for 
MR1654 epitaxial is presented in Figure 4.8(a) of Section 4.4, the ridge width and 
height used is 4 um wide and 1.63 um thick respectively. A higher effective refractive 
index obtained corresponds to a higher confinement factor, reflecting more efficient 
light guiding through the waveguide. The highest effective refractive index is obtained 
at the TE fundamental mode, and the fundamental TE mode is of most interest for the 
SLA single mode operation because the threshold gain for the TE mode is usually lower 
than that for the TM mode.
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TM0 mode 
neff = 3.2038
(b)
TE0 mode 
neff = 3.2288
TE,  mode 
neff = 3.2045
* r u  = effective refractive index
Figure 3.8: Guided wave modelling results for MR 1654 epitaxial structure 
(Ridge width = 4 um, ridge height = 1.63 um);
(a) vertical TM mode, (b) & (c) horizontal TE modes.
3.7 Confinement factor of a MQW active layer within a 
waveguide
An important parameter in the ridge waveguide is the optical confinement factor, T 
which is the fraction of the optical energy that is contained in the waveguide region. To 
obtain the MQW confinement factor within a waveguide, analysis of the simple three- 
slab waveguide structure as shown in Figure 3.9 would be useful. The active layer with 
thickness da is surrounded by cladding layers on both sides, with refractive indices 
n2 > ni. Assuming the cladding layers are sufficiently thick such that the optical field is 
largely confined within the three layers, the remaining other layers are ignored.
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Light
waveguide
p-cladding n1
i I
Active region n2 — ►* d
n-cladding n1
(Optical power 
distribution)
Field intensity
Figure 3.9: Three-layer slab waveguide model for a SLA. The hatched region in the field intensity 
represents the fraction of the mode within the active region.
For the simple three-layer slab waveguide shown in Figure 3.9, the confinement factor 
can be given as,
d j  2
JV2(y)rfy
p -i.n_____
oo
\<t>2(y)dy
(3.10)
assuming that the mode analysis for even and odd fields are treated separately [19], <|>(y) 
as the even TE modes is given as,
000 =
' Aecos(Ky)
Be exp -A y  D-f
fo r |y |< ^ -
f°r|y|^y
where k and y is the propagation constant,
K  ~  {n 2 ~  n eff )
2 71
K° ~ x
Y = 4 kM f f - r t )
(3.11)
(3.12)
(3.13)
(3.14)
(3.15)
neff is the effective refractive index of the waveguide corresponding to each mode, and 
Xo the wavelength of operation.
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For the epitaxial structure used in this work, the separate confinement heterostructure 
(SCH) is used where the MQW active layer is within the waveguide and sandwiched 
between the upper and lower core layers. For example, Figure 3.10(b) illustrates the 
simplified five layer structure of the MR1654 epitaxial, which can then be treated as an 
equivalent three-layer slab structure. In order to do this, an equivalent refractive index is 
obtained by taking the weighted average from the three core layers comprising the 
centre MQW layer core region, and the upper and lower core layers.
P cladding ni
d c Upper core layer «2
d a Active MQW layer Ilavg
dc Lower core layer n2
N cladding "l
(a)
InP
dc = 10 nm I n 0 .65G a 0 .35A S0.59P0.41
d, = 182 nm
In0.65Gao.35 A S q 59P 04 j 
In0.78Ga0.22 AS0.8Pq.20
ON 
OO 
X 
X
dc= 10 nm I n 0 .6 5 ^ a 0.35i^ s 0.59l>0.41
InP
2 avg
(b)
j. n, = 3.1683 
}  n2= 3.3614
Wavg
}  n2= 3.3614 
}  n1 = 3.1683
Id.nL +2 dcn\
d„+2d.
Figure 3.10: Five layer slab waveguide structure (a) the five layer structure can be treated as an 
equivalent three-layer slab structure, (b) illustration of MR1654 epitaxial structure treated as a five layer
structure.
The refractive index in the MQW region navg is calculated by using the weighted 
geometric average method [20], given by
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naVg = i=i- i=m
n
(3.16)
where dj and nj are the thickness and refractive index of each layer in the MQW 
respectively. The averaged index in the waveguide containing the MQW active layer is 
then,
_ dA f +2dcn2 
"2ayg d . + 2 d . (3.17)
da is the thickness of the active region, where as dc is the thickness for the core layer. 
The confinement factor of the MQW active region is thus,
d j  2
\ # 2dy
r =1 MQW - d j l
l ? d y
Equation (3.18) can be separated into two components,
with,
T'mqw ~  x
d / 2
\</>2dy
P — ~d/21 0 ~ oo
jfi2dy
and
(3.18)
(3.19)
(3.20)
d j  2
\ f d y
r  = - d al  2 d/2
\<P2 dy
- d / 2
(3.21)
To is the confinement factor of the whole waveguide of thickness d = da + 2dc, and Ta is 
the fraction of the energy in the core of the guide confined in the MQW region. By 
solving Equation (3.18) for TE even mode using Equation (3.11) and (3.12),
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i + M
r   ___ d!'> n(« U  + «*,,
V ' ] + l  sin (« /) + « / (3.22)
yd
with D being the normalised waveguide thickness, and d the waveguide thickness,
(3.23)
d  = da + 2 d c (3.24)
Y=2.37x10'3, k=±4.67x10'3, r MQw=0.3276
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Figure 3.11: Numerical result of MQW confinement factor for TE fundamental mode
(MR 1654), r MQw= 32.76%.
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3.8 Suppression of cavity resonance
Suppression of facet reflectivities is necessary to achieve pure travelling-wave operation 
in the SLA, the method employed in the SLA/ISA fabrication and design is describe 
here.
3.1.2 Antireflection coatings
One method of reducing facet reflectivity is to form an anti-reflection (AR) coating onto 
the facets of the SLA. For a plane wave of wavelength X incident at a material of 
refractive index ns placed in air, the fabrication conditions for an antireflection coating 
formed by a single layer are given by,
(3.25)
(3.26)
where nf is the refractive index of the film and df is its thickness. By selecting the 
material expressed in Equation (3.25) according to the refractive index of the substrate 
and forming the film coating precisely such that its thickness satisfies Equation (3.26), 
it is possible in ideal conditions to reduce the reflectivity completely to zero [21].
nf = 4 ^ s  
1 4 n.
Many dielectric materials for example SiC>2, SiN, and Si3N4 can be used as AR coatings. 
To achieve low facet reflectivities using AR coatings requires careful control of the 
refractive index and thickness of the dielectric layers. To deposit the AR coatings on 
both facets of small devices such as the SLA/ISA can be very difficult and time 
consuming. Therefore, the SLA/ISA will employ a single facet coating, on the output 
facet. In addition to that, another technique is then applied in the SLA structural design 
to reduce the tight tolerance required for the AR coating, and that is the angled facet 
design.
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3.1.3 Angled facet structure
AR coating of SLA facets can be very time consuming and expensive process for mass 
production since the amplifiers have to be processed one at a time and the coating 
process must be monitored and controlled carefully. A better way to achieve low facet 
reflectivities is to make the facets of the amplifier at an angle to the waveguide
[22] [23] [24]. In this way the light reflected by the cleaved facets does not couple back 
into the waveguide, thereby reducing the effective facet reflectivity.
Reflected held
Output
Waveguide and active region
Figure 3.12: Top view of an angled facet SLA.
An angled facet SLA is shown in Figure 3.12, the V-number (normalized frequency) of 
the waveguide is,
(3'27)
A>
where w is the waveguide width, and nj and r\2 are the effective refractive indices of the 
active and cladding regions respectively. The TE mode full power width wo is given by 
approximation [25],
w0 _ 1
W
9.2063*10~3 + +1.7265 0.38399 9.1691*10
V v 5 /
(3.28)
If the TE mode is assumed to have a Gaussian distribution, the effective reflectivity of 
an angled facet is given approximately by,
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(3.29)
where 0 is the angle between the beam propagation direction and the normal to the end
facet. The Fresnel reflectivity Rf of a TE plane wave, confined to the waveguide, at the 
angled facet-air interface is given by,
The effective reflectivity of the TM mode is almost identical to that of the TE mode. 
The relative reflectivity decreases as the facet angle increases. However the coupling 
efficiency between an SLA and optical fibre degrades at large facet angles due to the far 
field asymmetry. Optimum facet angles lie in the range of 7° and 10° [26] [27] [28].
3.9 Semiconductor Saturable Absorber
Semiconductor saturable absorbers (SAs) are devices with a nonlinear absorption 
characteristic, which decreases with high input power. SAs can therefore selectively 
absorb the low-intensity noise, while they are almost transparent for the main signal 
pulse, thus, offering the potential to remove low power noise accumulation in a signal 
transmitted through a long distance of fibre. Atkinson et al. demonstrated through 
system modelling that the use of SAs in a soliton system can increase the inter-amplifier 
spacing and the error-free transmission distance significantly [29]. Essiambre et al., 
showed that system performance can be considerably improved if a SA is inserted after 
each in-line amplifier because it can remove low-power dispersive waves [30].
Semiconductor SAs are compact and passive devices that can be easily integrated with 
other optical devices. The integrated SLA and SA device is therefore investigated for 
the purpose of performing the function of a 2R regenerator.
(3.30)
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Figure 3.13: The use of saturable absorber to remove low-power noise.
3.10 Saturable absorber principle of operation
When a semiconductor is illuminated with light of energy at least equal to the bandgap 
energy, photons are absorbed to form excited electron-hole pairs (free excitons), which 
decompose to free electrons in the conduction band and holes in the valence band, 
within a few hundred femtoseconds [31]. Because the energy states of the free carriers 
in a semiconductor are finite, photoexcitation which results in filling of the conduction 
band states with electrons will block further bandgap transitions after a certain time, 
corresponding to a decrease in the absorption coefficient. This nonlinear process, 
responsible for absorption saturation under high power illumination, is used to form the 
SA.
When the excitation light has stopped, electrons and holes will eventually recombine to 
recover to the initial equilibrium state in the semiconductor. The decay of the carriers 
follows an exponential law with respect to time, and the carrier lifetime is determined 
by material parameters. For most semiconductors, it is however in the order of 
nanoseconds, which is too slow for high-bit rate transmission system application. 
Several method can be used to reduce the recovery time of the semiconductor, such as
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carrier sweep out [32][33] [34], or introduction of defects centers by either low 
temperature grown molecular beam epitaxy (LT-MBE) [35] [36] or ion implantation 
[37] [38].
Illumination with light o f  the 
correct wavelength excites 
electrons to the conduction band.
CB -----
Light
« ( = = >
VB
Conduction Band
Once the energy states in the 
conduction band are filled, the 
absorption reduces (saturates).
C B  1 i-----
Electrons and holes recombine 
within nanosecond, resulting in 
a slow-recovering SA. Slow
recombination
--------------------------------------
\ / R ------
Valance Band
Figure 3.14: Simple analogy of the saturable absorber principle in the semiconductor bandgap; (a) 
photoexcitation process, and (b) carrier recombination.
3.11 Ion Implantation
3.1.4 Method for reduction of recovery time
Ion implantation of semiconductor is based on the introduction of point defect centres in 
the semiconductor material, to create additional levels in the material’s energy band gap 
to accelerate the relaxation process of non-equilibrium carriers. Thus, the recovery 
lifetimes of free carriers are significantly reduced by defect centres from the 
nanosecond time scale down to picoseconds [39] [40] [41] or even down to femtoseconds 
[42]. Depending on the kind of ions, energy of bombardment and conditions of 
annealing, the nature of the produced defects can be modified.
Ion implantation of SAs therefore enables fast recovery SAs to be realised and is 
advantageous over other method such as carrier sweep-out or low-temperature 
molecular beam epitaxy (LT-MBE), as it reduces the complexity of the device
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fabrication process. Therefore, this method represents a simple and compact way of 
introducing a controllable concentration of efficient traps in the semiconductor devices, 
in order to control the carrier life time.
Conduction Band 
(electrons)
Defect Levels 
(additional traps)
Valence Band 
(holes)
Figure 3.15: Schematic illustration of implant induced defect levels in the energy gap to reduce the carrier
recombination time.
3.1.5 Electrical Isolation
Ion implantation was initially developed as a means of doping for semiconductor 
devices. However, ion implantation has since become firmly established as a technique 
for selectively changing the resistivity of semiconductors. The use of implant isolation
[43] as an alternative process to mesa isolation [44] for opto-electronic devices is 
attractive because of its simplicity and precise control, which allows the application for 
planar processing, increases device throughput, and facilitates device integration. In this 
work, we will also investigate the use of ion implantation as means of isolation for the 
fabrication of PIN devices.
The effectiveness of ion implantation in creating high resistance isolation layers has 
been demonstrated for GaAs and GaAs-based devices [45] [46] [47], and to a lesser 
extent for InP and InP-based devices [48] [49] [50]. Although successful isolation 
techniques have been developed for GaAs, the carrier removal effect of these schemes 
is weaker for InP-based structures, which are used for applications in optical 
communications. Recently, there have been increasing research on implant isolation of
on4mplantation
implant induce defect 
levels accelerates 
recombination process
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InP and InGaAs, but still an effective process for the isolation of n i-V  compounds other 
than GaAs and for more complicated structures based on these compounds has not been 
reported. A number of previously reported PIN devices with low leakage current were 
mostly fabricated by selective area re-growth, while those reported to be fabricated by 
ion implantation were mostly based on the implant doping scheme [51]. Although, 
Ridgway et. al. [50] investigated the electrical isolation mechanisms involved in 
implant isolation of bulk InGaAs/InP PIN photodiodes using multiple energy (90 keV, 
300 keV, and 750 keV) 0 + ion, the device structure was much simpler and the device 
performance as a photodiode was not investigated. Successful implementation of the 
implant isolation scheme in devices such as PIN photodetectors requires a careful 
selection of the implant parameters, not only because of the differences in the radiation 
damage rates in each of the different material layers, but also the defect diffusiveness in 
adjacent layers of differing composition should also be a consideration. The novelty 
achieved in the electrical isolation work of this thesis is the successful implementation 
of iron ion implantation for inter-device electrical isolation of complex multilayer 
epitaxial InGaAsP/InGaAsP MQW structure PIN photodiodes.
Implant isolation can be achieved by either damage-induced compensation or chemical 
related deep-levels [52]. The degree of electrical isolation is dependent on various 
parameters such as the ion mass, energy, dose and implantation temperature. 
Particularly for InP-based structures, the ion dose is a critical parameter for achieving 
good isolation, and to avoid p- to n-type conductivity conversion [53]. For bulk p-type
[54] and rc-type [55] InP, Patrick et. al. showed that for Fe+ ion implantation a thermally 
stable maximum sheet resistance of ~ lx l07£2/sq up to a post-implant annealing 
temperature of 500°C is achievable.
For thick (> 1.5 pm) multilayer epitaxially grown structures, with high doping levels, 
device isolation using conventional keV ion energies requires large number of 
overlapping implants (multiple energy).
Multiple energy implants are disadvantageous for two reasons:
60
Chapter 3: Semiconductor laser amplifiers and multiple quantum well saturable absorber
1. The regions where the damage profiles overlap, are likely to produce substantial 
defect-induced conduction (hopping conduction) and,
2. The total number of implants required for a batch of wafers becomes 
uncomfortably large, hence significantly increases the cost of device processing.
In order to isolate relatively thick structures using conventional keV implants, protons 
must be used in order to reach the deeper layers. However, the thermal stability of the 
isolation produced by protons is not as great as that produced by the 0 + or F* ions 
typically used for bombarding the near-surface layers. Another difficulty is due to the 
use of small band gap InGaAs contact layers on many device structures that is difficult 
to make highly resistive.
The choice of using single implant scheme is clearly for its simplicity. A disadvantage 
is that in structures with one highly doped layer among other lightly doped layers (such 
as InGaAs), the MeV scheme becomes inflexible, the dose must be high enough to 
remove the conductivity in the highest doped layer, and carefully considered in order to 
prevent p-type to n-type conversion or vice versa. To compensate for this highly doped 
layer, a second, layer specific implant at conventional (keV) energies is usually utilised.
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3.1.6 Implantation parameters
The ion implantation is characterized by several parameters such as the ion type, 
implantation energy, dose, and temperature. The selection of the parameters determines 
the induced damage to the semiconductor, and therefore has to be optimised for the 
creation of additional defect levels for the fabrication of fast saturable absorber devices, 
and highly resistive region for electrical isolation purposes.
Ion type
The type of ion used will affect the depth of penetration and the damage induced due to 
the difference in ion mass and size. Light and smaller ions will penetrate deeper into the 
semiconductor material, where as heavier ions will have a shallower stopping range, but 
will probably create more damage than the lighter ions. The penetration depth of the 
light and heavy ions will depend on the implantation energy.
Energy
The implantation energy determines the penetration depth of the implanted ions and the 
distribution profile of the created damage. For a given implantation energy, heavier ions 
will have a lower projected range than the lighter ions.
Dose
The dose determines the amount of damage introduced to the semiconductor material. It 
determines the number of ions implanted (ions/cm2) into the material. Another 
parameter related to the dose is the dose rate, which also affects the amount of damage 
induce. The dose rate defines the time an implantation should be carried out for a 
particular dose.
Temperature
The substrate temperature during implantation affects the amount of damage induced. 
Usually more damage is observed for lower temperature implant.
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Tilt Angle
The angle at which the wafer surface normal is tilted from the ion beam affects how the 
implantation ions penetrate the wafer crystal lattices. Often, ion implantation are carrier 
out at an angle (7°-10°) to avoid channelling effects through the crystalline structure of 
the material. If the channelling effect occurs in the crystalline structure, the ions may 
penetrate deeper into the material, but not creating as much damage because collision 
between implant species and semiconductor atoms does not occurs.
3.12 Simulation of ion implantation
The Transport of Ions in Matter (TRIM) [56] program developed by J. F. Ziegler and J. 
P. Biersack is used to simulate the ion implantation occurring in the semiconductor 
material. TRIM provides the atomic profile and damage distribution inside the target 
material, it is a Monte-Carlo calculation which follows the ion into the target, making 
detailed calculations of the energy transferred to every target atom collision.
TRIM is used here to estimate whether the implantation created damage is uniform in 
the semiconductor material. For the SLA/ISA device, ion implantation is only required 
for creating additional defect levels in the MQW bandgap and the implanted ions are no 
longer required for later operations, therefore the ion species and energy should be 
chosen in order for the ion species to stop far away from the MQW region. Ion 
implantation normal incidence to the SLA device contact will be use to fabricate the 
integrated SA onto the SLA, since from the previous section an estimation of the SA 
length required for the respective device operation can be predicted, it is also useful to 
know the penetration depth of the implanted ions in order to prepare suitable masking 
method to protect areas which are not required to be implanted.
Figure 3.16 shows the damage distribution profile of implanted oxygen, nitrogen, 
helium and hydrogen ions at different energy simulated for the MR1654 wafer 
structure. For the simulations, the atomic density of the epitaxial structure was 
calculated as presented in Section 3.5. The simulation shows that for light ions such as 
He+ and H*, the ions can travel further into the target material, however the damage
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(vacancies/A/ions) created is far less than those for 0 + and N+ ions, hence at the same 
ion dosage the choice of 0 + or N+ would introduce more recombination centers in the 
MQW compare to He+ and H* ions. The stopping range for 0 + and N+ at 4 MeV is 
shown to be in the vicinity of 3.5 pm, and for He+ at lower energy, it is far away in the 
substrate material from the MQW region. The overall damage distribution observed for 
all four different ion species are relatively uniform with all peak damage occurring near 
the stopping range of the ions, however the lighter ions shows more discontinuity at 
material interfaces compare to the heavier ions which is possibly due to recoil damage 
because of changes in material composition at the interface.
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Figure 3.16: Damage distribution of 0 +/N+/He+/H+ ions in MR1654 wafer structure 
estimated for the fabrication of SLA/ISAs.
In order to fabricate the SA sections by ion implantation, the gain section needs to be 
protected from implantation damages. Figure 3.17 shows TRIM simulation of MR1654 
epitaxial layer structure, the contact metal and dielectric insulation are included to 
simulate the implantation into the SLA device. It shows that the N+ stopping range at 
4 MeV has reduced to less than 3 pm due to the additional metal contact and SiC>2
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layers, and this can not happen for the SLA sections. A simulation of different stopping 
material such as photoresist, dielectric, and metals will give a good estimation of the 
thickness required for respective stopping material, hence a simple and feasible method 
can be chosen. Figure 3.18 and 3.19 shows for aluminium and gold respectively, the ion 
stopping range of N+ at 4 MeV. It shows that using Au much more feasible as it has a 
better stopping power than Al, and at 3 pm thickness it can provide better safety range 
compare to 4 pm for Al.
Ion Trajectories
N-ions, 
4 MeV
(/>
o
4 um0 A
Figure 3.17: TRIM simulated ion trajectory for N+ at 4 MeV into a 
SLA device fabricated on MR 1654 wafer.
Depth vs. Y Axis
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Figure 3.18: Simulation of Al stopping power for N+ at 4 MeV.
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Figure 3.19: Simulation of Au stopping power for N+ at 4 MeV.
3.13 SLA/ISA Design
In this chapter, we have discussed several design issue for realising the SLA/ISA 
device. Figure 3.20 show a schematic diagram of a single cleaved SLA/ISA device, and 
Figure 3.21 illustrate how the device can be fabricated by using thick metal layer on the 
SLA section as mask to protect from the ion implantation to the ISA section. 
Fabrication of the integrated travelling wave SLA and implanted SA provides the gain 
and noise suppression functionality with lower loss and faster operation, hence the 
potential to realise 2R regeneration at long-haul high-bit rate transmission system.
A ngled R idge W aveguide
ton Implantation
Im planted Iona
Figure 3.20: SLA/ISA device fabricated by normal incidence ion implantation
66
Chapter 3: Semiconductor laser amplifiers and multiple quantum well saturable absorber
Plating:
Al (~ 5(im) or Implantation:
Au (~ 3.5|im) Nitrogen, 4Mev, 10,2/cm2
\ _____________ , l l l
SLA SA
250^m~500p.m 10^m~4(l|j.m
(gain section) (absorbing section)
Figure 3.21: Estimated SLA/ISA device length
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Device design and fabrication
In this work, the purpose is to demonstrate the use of ion implantation in device 
fabrication. Ion implantation will be used for two purposes in the work presented here:
1. To create additional defect levels in the energy gap in order to reduce the saturable 
absorption recovery time.
2. To modify the electrical characteristics of the semiconductor in order to increase the 
material resistance for the purpose of electrical isolation.
In this chapter, the fabrication of the SLA/ISA device and the normal incidence PIN 
devices will be presented. The issues in the device design and fabrication process for 
the respective devices will be dealt with in two different sections. First the process for 
realizing the integrated two section ridge waveguide SLA/ISA and the difficulties 
encountered will be discussed. In the second section, electrical isolation of InP material 
using ion implantation will be demonstrated by using a simple PIN 
modulator/photodetector structure.
4.1 Integrated two-section ridge waveguide SLA/ISA design
There are many different aspects to the development of the practical semiconductor 
laser amplifier implanted saturable absorber (SLA/ISA) chip: device design, material 
growth, fabrication process, testing, and reliability. High amplifier gain, good optical 
guiding, and fast recovery of the saturable absorber are some of the important 
requirements for the device application. The SLA/ISA structure is based on a typical 
ridge waveguide laser [1] process with angled facets design. The ridge waveguide 
structure offers a more straight-forward fabrication process, without requiring regrowth
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steps, and is able to provide moderate threshold current operation, and potentially have 
high reliability.
The amplifying region in the ridge structure design should allow a single optical mode 
to propagate while a suitable electron-hole population distribution is maintained by an 
electrical current. Details such as material composition, layer thickness, and ridge 
dimensions impact the threshold current and far-field divergence angles of the light 
coupled from the device facet. The far-field divergence angles determine how 
efficiently the device can couple to a single-mode fibre.
Thick FIaIm  GoldT (p C m itacl)H eav iy  D oped
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Figure 4.1: Ridge waveguide SLA/ISA cross section.
Figure 4.1 shows a schematic cross section of the ridge waveguide structure. Features of 
the device are a multiple-quantum-well active region surrounded by n-type and p-type 
InP cladding regions. The upper part of the device has an etched ridge whose function is 
to confine light laterally, forming a single-mode optical waveguide. With a p-ohmic 
metal contact on the ridge top and an insulator on either side, current is confined to a 
specific region. The completed device has front and back facets cleaved to form 
atomically flat and parallel end mirrors. However, the waveguide will be formed at a 
tilted angle with respect to the mirror facets, rather than standard perpendicular ridge for 
laser devices. The ridge is typically 4 pm wide, and - 1 .6  pm high, while each cleaved 
SLA/ISA device will be about 100 pm thick and 400 pm in width, with the device 
length customisable up to 980 pm in length.
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Depending on the implantation recipe, if thick stopping material is required, the 
p contact will end up with a thick gold pad deposited by electroplating which forms a 
stopping mask during ion implantation of the integrated saturable absorber section. The 
thick plated gold will be in the order of few microns depending on the ion implantation 
energy, and it will not be removed after the ion implantation process, this will not affect 
the overall performance of the device, and it can act as a heat spreader in addition to 
forming a bond pad. Alternatively, thick photoresist up to 10 pm can be used for 
masking the unimplanted areas.
The ridge waveguide SLA/ISA structure has a two section configuration as shown in 
Figure 4.2. Several different mask design offering different layouts and structure have 
been made for the two section configuration providing fabrication flexibility and for test 
purposes, however their basic functional operation are the same. The two sections 
which consists of the amplifier (gain) section and the saturable absorber section share a 
common waveguide and optical path, but are isolated from each other electrically, to 
allow a forward bias to be applied to the gain section while the saturable absorber will 
be unaffected by current leakage from the gain section. Under normal operation, the 
gain contact is forward-biased and the implanted absorber is un-biased.
Isolation gap
SLA
F acets Facets
SA
Angled ridge
Figure 4.2: SLA/ISA structure (top view).
4.2 Processing of the SLA/ISA structure
The development of a reliable processing technique is vital to the successful realisation 
of ridge waveguide lasers in the InGaAsP/InP material system. A number of issues were
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addressed in the process development. At the initial stage, of particular importance were 
the photoresist definition, ridge definition problem, and the contact metallization.
The processing steps for the SLA/ISA are illustrated in the diagram of Figure 4.3, which 
are described in more details in the following sub-sections. A more detailed summary of 
the fabrication process is illustrated and described in Appendix A.
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window on 
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Wafer
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device
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Backside n-
contact
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Metallisation of 2 
broad contact 
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Figure 4.3: Block diagram o f SLA/ISA processing steps.
4.3 Mask plate design
To realise the SLA/ISA device structure, photolithographic mask plates are designed. 
They act as a template for definition of the photoresist and to transfer the structural 
patterns onto the wafers by using subsequent techniques such as etching, dielectric 
deposition, and metallization.
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The mask plates were designed using a commercial software called WaveMaker by 
Barnard Microsystems. The software uses binary GDS II stream format and laying-out a 
design is based on a hierarchical layout system in which smaller groups of structure 
such as ridges, contact pads, and alignment marks are defined in a “sub-cell”. These 
“sub-cells” are then referred to a “main-cell” in which the smaller designs are step and 
repeated to form the whole mask plate design. However, if the designs are to be laid out 
directly into the “main-cell”, the design file will be of significant file size.
The mask plates are made from low expansion glass and using chromium for the 
patterns, they were manufactured using an Electron Beam Lithography (EBL) 
EBMF-10 Microfabricator at the Central Microstructure facility, Rutherford Appleton 
Laboratory. The dimensional control, edge acuity, and most importantly -  defect level 
required of the final pattern determine the writing method, resist quality, and etching 
requirements for these masks. The minimum feature size that is achievable is about 
2 pm, with a linewidth control of ±0.2 pm and ±0.3 pm for positive (dark field) and 
negative (light field) processing respectively.
Design file
s la isa .g d s
Full Mask plate 
design
Sub-cell Carray x4 x l
Quarter 
mask plateMain cell
array x l xlO
array xlO x20array (y) (x)
Alignment marks Single SLA/ISA 
Device Structure
Sub-cell BSub-cell A
Figure 4.4: A typical hierarchy layout of the Wavemaker mask design.
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Figure 4.5: Illustration of mask design layout on the mask plate.
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H h 60 pm gap to next device
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20 pm gap to 
next device
Figure 4.6: Complete SLA/ISA mask structure overlayed for illustration.
The complete mask design has an area of 20 mm by 20 mm, with 200 devices 
(20 across x 40 downwards). Each of the individual SLA/ISA unit is 980 pm long and 
400 pm wide, with 60 pm isolation areas on each side between the next device and 
separated 20 pm along the cavity. The SLA section is defined to be 700 pm long, and
77
Chapter 4: Device design and fabrication
the ISA section 270 pm long with a 10 pm wide isolation gap between the two sections. 
The design gives the flexibility to choose the final SLA/ISA device length respectively 
during the sample cleaving process.
Several different designs have also been included for device fabrication flexibility, such 
as different ridge tilt angle (at normal to wafer crystalline axis, at 7°, and 10°); different 
ridge width (4 pm, 5 pm, 6 pm), with different contact window size respectively; 
different isolation gap width, and contact pads. For list of masks created for the 
SLA/ISA process, refer to Appendix B.
One serious challenge encountered during the initial stage of device fabrication process 
that will be explained in the following sections is the difficulty in obtaining a good 
pattern definition during the photolithography process. Initially, suspicion was on 
photoresist processing. However, later investigation realised that the photolithographic 
mask plate itself plays a role in introducing the problem. The defects of the pattern from 
the mask plates although small (~ 0.2 pm roughness), were magnified on to the wafer 
during the etching process. Therefore, new mask plates were ordered. The new mask 
plate although showing better quality, were not perfect as the EBL process available 
was at its limit.
Figure 4.7: SEM micrograph of defects on ridge mask.
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4.4 Wafer epitaxial structure
4.4.1 Wafer MR1654
This structure consists of 8  and 9 InGaAsP quantum wells and barrier respectively, 
lattice matched to InP and was grown by metalorganic vapour phase epitaxy (MOVPE) 
at the EPSRC National Centre for ni-V Technologies, University of Sheffield. The 
p-type dopant is Zn with a nominal concentration of > 4.0 x 1019 cm'3 in the top InGaAs 
contact layer, and the n-type dopant is Si. A thin (15 nm) InGaAsP etch stop layer was 
grown on top of the p-type InP cladding layer to permit fabrication of the ridge using a 
selective etch technique. The nominal dopant concentrations and dimensions of the 
structure are shown in Figure 4.8(a). This wafer was used for the initial testing and 
optimisation of the SLA/ISA fabrication process, and for the fabrication of implanted 
PIN photodiodes.
4.4.2 Wafer MW390
This wafer was grown by metalorganic vapour phase epitaxy (MOVPE) at The Centre 
for Integrated Photonics (CIP). The wafer has a very similar epitaxial structure to 
MR1654, and its detailed structure is illustrated in Figure 4.8(b). This wafer was mainly 
used for the fabrication of SLA/ISA devices as better device characteristics were 
observed, all results presented in Chapter 6  for the SLAs and SAs was of devices 
fabricated from this wafer.
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Figure 4.8: The epitaxial structure of wafers MR1654 and MW390.
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4.5 Definition of crystal orientation
The first step is to determine the crystalline orientation within the wafer, which is easily 
noticeable by referring to the wafer major and minor flat. This is a simple but very 
important step as it determines the profile of the ridge by wet etching, and to ensure the 
final cleave facets obtained are clean smooth and perpendicular to the normal axis of the 
defined ridge waveguide for effective light coupling.
This can be done easily on InP material system with <100> orientation. By using a 
diamond pen a short trace (scratch) is cut at the edge of the wafer, then followed by 
gradually applying more pressure to the initial cleavage, the wafer will break along its 
natural crystalline direction.
A suitable size wafer sample would be about 1 cm by 1 cm or slightly larger, and care 
must be taken to label the crystalline direction which is needed for the alignment of the 
ridge.
4.6 Photolithography
Photolithography is the process of transferring the pattern from the mask plate to the 
wafer. This process involves in sequence: the spin coating of photoresist, careful 
alignment of the wafer to the mask plate, UV exposure on the mask aligner, and then 
development of the photoresist layer. Similar to the process of image transfer onto a 
film during the process of taking a photograph, the photolithography process copies and 
defines the pattern from the mask plate onto the photoresist, and subsequently processes 
such as etching or metallization and lift-off are used to imprint the pattern onto the 
wafer. The type of resist, its characteristics, and its profile are the important criteria that 
need to be considered for a good pattern transfer, and these criteria also depends 
strongly on the recipe used for spin coating of the resist, UV-exposure and developing.
Photolithography has been one of the most difficult challenges faced in the process of 
fabricating the SLA/ISA device, most time was spent on recharacterising the process
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recipe due to changes of photoresist availability. There are several critical processes in 
the SLA/ISA device fabrication where resist is required for pattern definition such as 
the ridge trench formation, SiC>2 dielectric open-window definition, metal lift-off, ion 
implantation masking, and electroplating. Initially, HNR120 (negative tone) resist was 
used for the ridge definition and SiC>2 etch; and BPRS200 (positive tone) was used for 
the p-contact pad metallization. However, these two resists were later no longer 
available, and thus new photoresist had to be characterised. The different types of 
positive and negative tone resist available in the cleanroom facility was investigated in 
order to choose the most suitable one for each process respectively.
4.6.1 Lithography for etching
For chemical etching, the resist requirements is that it has superior adhesion to the 
substrate material and is resistant to the chemical etchant. In the SLA/ISA fabrication, 
two different chemical etching processes are required, which is the selective chemical 
etching of InGaAs and InP material to define the ridge, and an hydrofluoric (HF) acid 
etch to remove the SiC>2 dielectric from the contact window along the ridge.
Three types of resist have been investigated for chemical etching purpose, and they are 
characterised in the Table 4.1.
From the result presented in Table 4.1, ma-N1410 with the use of adhesion promoter 
was used for etching the ridges, and for the SiC>2 contact window etch. However, at a 
later stage, positive S1818 photoresist was used for all the photolithography process due 
to its repeatability and ease of use, this was made possible with the redesign of the dark 
field mask which made alignment much more straight forward.
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Resist Tone Profile/Edges Thickness(pm)
InGaAs/lnP 
ridge etching
Si02
etching
Shipley’s S1818
i + ve Sloped/Smooth 1 .5 -1 .8 OK OK
Shipley’s Eagle 
NT90 2 -  ve Vertical/Smooth 2 .3 -2 .5 Failed OK
Micro Resist 
Technology ma- 
N 1 4103
-  ve Vertical/Rough 0 .6 - 0 .8 OK OK
Comment:
L S 1818 was suitable for both etching purpose, however for dark field masks the requirement for
positive type resist means the alignment o f the small features is difficult and time consuming. S1818
also tends to show undercutting during etching o f SiC>2, therefore extra care and constant depth
measurement is required.
2' The etching o f ridge was unsuccessful using NT90 as the resist reacts with HC1 during InP
etching.
3' The side wall profile for the N1410 was rough, this is due to adhesion problem o f the resist onto
the wafer surface. However, with the use of photoresist adhesion promoter, the sidewall smoothness
was significantly improved.
Table 4.1: Characteristic o f resist investigated for chemical etching.
4.6.2 Lithography for metal lift-off
The requirements of the resist for easy metal lift-off are that its thickness must be more 
than the metal layer to be deposited, that the resist can be easily removed by the solvent, 
and that it is not overcooked during any high temperature process. On top of these, the 
key feature of a practical lift-off process is undercutting in the resist profile. Forming 
resist patterns using most positive photoresist alone does not result in undercut profiles, 
due to the fact that more optical energy is absorbed by resist nearer to the surface, and 
this resist dissolves faster than that nearer to the wafer. On the contrary, a negative 
resist could give an undercutting profile, but it is more difficult to strip. Therefore, 
positive resist is the more typical and more desirable choice for metal lift-off, and it is 
used for this purpose in this work.
There are three basic ways in which lift-off can be performed: 1) standard Photoresist 
processing; 2) dual layer resist processing; 3) surface-modified photoresist processing.
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Resist Tone Thickness
(Um)
Metal Lift­
off
Comment
S1818 + ve
oo1 Successful Simple to use, and easy lift-off 
achievable when used with 
chlorobenzene.
SJR5740 + ve 5 .7 - 6 .0 Successful Metal-lift o ff was successful, however 
this thick resist forms thick edge beads 
which made mask alignment difficult.
Eagle NT90 -  ve 2 .3 - 2 .5 Failed Resist removal in acetone was 
unsuccessful, Eagle Resist Stripper was 
required, however metal lift-off was 
unsuccessful.
Ma-N1410 -  ve 0 .6 - 0 .8 Successful Metal lift-off was successful, however 
light field mask was difficult to be 
aligned in this case.
Table 4.2: Resist investigated for metal lift-off.
Standard Photoresist processing:
This is the easiest method and is particularly useful if feature size is not critical, because 
it involves only one mask step and the photolithography is completely standard. The 
main disadvantage of this method is that the metal layer is also deposited on the 
sidewall and if the adhesion of the deposited layer to the wafer is not good in addition to 
that the metal layer does not tear along the adhesion lines, the whole layer of deposited 
may lift-off all together. In another case, the deposited layer on the sidewall might 
continue to adhere to the substrate following resist removal. This sidewall may peel off 
in subsequent processing resulting in residue and shorts, or it may flop over and 
interfere with etches or deposition that follows. It is important that the wafer is kept 
immersed in acetone until all the metal has been lift-off successfully and there are no 
traces of residue metal as once it dry on the wafer, it becomes notoriously difficult to 
remove.
Prior to metal evaporation process, a post-develop bake is recommended. This will 
drive off excess solvent so that there will be less outgassing during the deposition. 
However, it should not be too long or at too high temperature, otherwise the photoresist 
will reflow slightly.
83
Chapter 4: Device design and fabrication
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Figure 4.9: Deposited metal on the resist sidewall may not tear away.
Dual layer resist processing:
Dual layer resist processing for metal lift-off is typically achieved using LOL2000 [2] 
from Shipley, or alternative product with similar characteristic such as PMGI 
(polymethylglutarimide) resist [3] and LOR resist [4] from MircoChem Corp. LOL2000 
is an inert, non-UV-sensitive polymer, which has a faster development rate than the 
photoresist and can be etched with most standard photoresist developers. The LOL2000 
is first spun on the wafer and baked, then photoresist is spun on and baked. The 
Photoresist is exposed as usual, and then developed in its standard developer. The 
Photoresist developer will clear the areas defined during photolithography, but will also 
"etch" away the LOL2000, leading to undercutting of the photoresist. It is this overhang 
that prevents sidewall deposition of the metal layer. The resist can be lifted-off using 
acetone or a resist removal solvent. This method is very effective, however the 
LOL2000 might not be completely removed by solvent, so additional polymer removal 
measures need to be taken such as O2 plasma etch resulting in an extra step. Because the 
overhang profile is caused by undercutting the resist, care must be taken to avoid 
completely undercutting (and lifting off) very narrow features. This method can be very 
effective for lift-off process, however it requires more processing time and several 
additional steps and chemicals which means increase in the device processing cost; 
moreover the LOL2000 was not available in our cleanroom, and therefore the 
alternative of surface-modified resist processing method which is far simpler was used.
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Figure 4.10: Illustration of dual-layer resist lift-off process.
Surface-modified resist processing:
The top surface of the photoresist can be chemically modified to develop at a slower 
rate than the underlying resist. The result obtain is an undercutting profile quite similar 
to the LOL2000 process. This is accomplished by soaking S 1818 photoresist in 
chlorobenzene [5][6][7]. Basically, the standard photoresist procedure is used, but the 
wafer is soaked in chlorobenzene (for 10 minutes, typically) after UV-exposure, blown 
dry and baked briefly (~5 mins), and then developed. The undercut profile can be 
obtained to facilitate metal lift-off efficiently in just a few simple extra steps using this 
method. S 1818 was the easiest to use and therefore is used during the SLA/ISA device 
fabrication.
4.7 Ridge waveguide definition
The ridge waveguide structure provides both optical and electrical confinement in the 
direction parallel to the junction. The depth of the ridge etch is important in controlling 
the shape of the optical mode. In the epitaxial structures used, a thin quaternary etch 
stop layer is included at the target etch depth, and using selective etching process will 
enable accurate formation of the ridge structure.
Wafer sample
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The ridge is formed on the epitaxial structure by using a wet chemical etching method; 
-  this is a simple and cheap process. A number of etchants which result in anisotropic 
etch profiles due to their chemical interaction with the bonds of the crystal structure 
were investigated. The InGaAs cap layer was removed using an etch solution composed 
of H3P04:H202:H20  in the ratio of 8:1:1. This is a selective etchant that only reacts with 
InGaAs, and does not attack the InP cladding layers. The InP cladding layers were 
etched using solution of HC1:H3P0 4  with a concentration ratio of 1:1. This solution 
distinguishes between the <110> and <110> directions on <100> InP producing a 
different etch profile depending on whether the ridge mask is aligned parallel or 
perpendicular to the major flat of the wafer.
Minor
Ridge profile 
Along major flat 
(a)
Ridge profile 
along Minor flat 
(b)
Figure 4.11: Illustration of how the orientation of the ridge impacts the ridge profile.
The ridge shape obtained when the mask is aligned parallel to the major flat is 
trapezoidal while in the orthogonal direction, perpendicular to the major flat, the shape 
shows a rather isotropic profile with a degree of under etch.
4.8 Selective Chemical Etching in the InGaAsP/InP System
In the SLA/ISA ridge fabrication, two steps of selective chemical etching are used to 
fabricate the ridge waveguide as explained in the previous section. The InGaAs etchant 
has proved to work well, however several problems have been encountered while using 
the InP etchant (HC1:H3P0 4 ) at ratio of 1:1. Due to the resist edge inconsistency 
problem as previously described, HC1:H3P0 4  (1:1) with an etch rate of 2.5 pm/min is 
too fast and damages the ridge. The issue of obtaining a smooth ridge is important in a
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ridge waveguide in order for efficient waveguiding and reducing in light scattering 
losses. Therefore, a study of chemical etchants was carried out.
Different n i-V  compounds are attacked by a given reagent in different ways, and 
clearly the chemical reactivity of mixed ternary and quaternary n i-V  alloys should be a 
function of their composition. Selective etchant attacks an alloy composition selectively 
with respect to other compositions, in addition such an etchant should ignore minor 
impurities which impart different types of doping levels [8 ]. Wet etching methods for 
ffl-V compound semiconductors can be divided into two groups: “direct reactions” and 
“oxide dissolution”. Direct reactions tend to result in faceted, rough surfaces because of 
the differences in dissolution rates of the various crystal planes [9]. Oxide dissolution 
reactions are most likely to form smooth surfaces, because they are mostly controlled by 
the diffusion of the etchant molecules.
Certain pattern of reaction is evident from the study of interaction of IH-V compounds 
with different chemicals. Hydrochloric acid (HC1) does not attack GaAs but will react 
with InAs [10], and more violently with InP [11]. Nitric acid reacts with arsenides but 
has little or no effect on InP. Phosphoric acid or H3PO4 based formulations have been 
used for dislocation etching of GaP [12], and InP [13][14] but these do not attack GaAs. 
Citric acid attacks GaAs, but not InP [15]. The selection of the ridge profile depending 
on the crystal orientation makes use of the inherent symmetry properties of the 
zincblend structure [16]. A list of references for InP and InGaAsP wet chemical etchant 
is available from Clawson [17][18].
Concentrated H3PO4 etches InP at a very slow rate but does not attack the InGaAsP 
layers at all. It is known that HC1 attacks InP violently, and etches InGaAsP at a very 
slow rate, but addition of H3PO4 to HC1 gives a truly material-selective etchant and does 
not attacks InGaAsP at all [2]. H3PO4 is used as an additive to the etch-solutions to 
control the etching process which is generally based on the oxidation of the samples and 
the subsequent dissolution of the oxidation products [19]. A list of several InP etchants 
reported in literature is summarised in Table 4.3.
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In contrast to selective chemical etching, non-selective Adachi etchant was also 
investigated for the ridge processing. However it was unsuccessful since the etchant 
was non-selective and has a very fast etch rate. The etchant attacks the InGaAs, InP, and 
InGaAsP epitaxial layer without discrimination to crystal orientation and therefore 
undercuts the photoresist resulting in either a broken ridge or a reduced size ridge. The 
resist on the ridge platform is removed before being able to reach an etch depth of 
500 nm.
Selective wet etching techniques offer very good controllability: the etch rate can be 
controlled by using different etchants, or different concentrations; the etch depth can be 
controlled by using an etch stop layer and frequent depth measurement. The main issues 
of concern are the etched surface quality, selectivity and the uniformity of the etch 
depth.
The uniformity can be defined as,
Where dmax is the maximum etch depth measured, dmin the minimum etch depth 
measured on the same wafer, and davg the average depth accounted.
And if RinGaAsP is defined as the etch rate of the quaternary InGaAsP, and R^p that of 
the binary InP, the selectivity coefficient between two material can be given as,
D
7 — InGaAsP , a ry\
InGaAsP/ ~  n
/ b r  InP
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Etchant Ratio Temp. Etches InP
Etches 
InGaAs or 
InGaAsP
Ref.
HC1 Cone. 20°C 5-6.0 pm/min X [20]
HC1: H20 1 : 1 25 °C 0.07 pm/min X [21 ]
HC1: H3PO4 1 :4 60°C 5.0 pm/min X [16]
HC1: H3PO4 1 : 4 20°C 0.6  pm/min X [22 ]
HC1: H3PO4 *! 1 : 6 60°C 2.5 pm/min X [16]
HC1: H3PO4 1 : 1 60°C 25 pm/min X [16]
HC1: H3PO4 1 : 1 20°C 2.0  pm/min X [16]
HC1: H3PO4 1 : 1 25 °C 4.0 pm/min X [21][23][24]
HC1: H3PO4 1 : 3 20°C 0.7 pm/min X [22 ]
HC1: H3PO4 2 : 3 25°C 2.5 pm/min X [24]
HC1: H20 2 1 : 1 25°C 2.3 pm/min X [21 ]
C3H8O3: HC1: HCIO4 *2 2 : 1 : 4 20°C 1.25 pm/min X [16]
C3H8O3: HC1: HCIO4 *3 1 : 2 : 2 20°C 3.0 pm/min X [16]
HC1: H3PO4: H20  *4 3 : 1 : 1 0°C N/A X [25]
HC1: CH3COOH *4 1 : 4 0°C N/A X [25]
HC1: CH3COOH 1 : 1 20°C N/A X [26]
HC1: CH3COOH: H20 2 1 : 1 : 1 25 °C 4.0 pm/min S ,  ~ InP [21 ] [26]
HC1: CH3COOH: H20 2 1 : 2 : 1  
#6. *7
25 °C 1.4 pm/min ✓, ~ I nP [23][27][28]
HC1: CH3COOH: H3PO4 1 : 2 : 1 #5 25 °C 4.0 pm/min X [29]
HC1: CH3COOH: H3PO4 1 : 1 : 1 25 °C 1.0 pm/min * InAlAs, 
N/A
[29]
(HC1:HN03): H20 2 1( 1:1):1 25 °C 0.5 pm/min S , N/A [21 ]
(HC1:HN03): CH3CCX)H 1( 1:1):1 25°C 1.0 pm/min S  y N/A [21 ]
**Adding H3PO4 to HC1 reduces drastically the attack o f InGaAsP. Increasing the H3PO4 content 
reduces the etch rate, however might increase the attack o f photoresist [2 ].
♦Combination of glycerine C3H80 3 :HCl:Perchloric acid HCIO4 has a lower etching rate and produces 
relatively smooth surfaces. Increasing the HCIO4 content decreases the etching rate, but at the 
expense o f large undercutting and photoresist attack. Adding acetic acid does not improve results. A 
composition o f HC1:HC1C>4 only has a relatively high etching rate about 6  pm/min, but does not 
attack InGaAsP [16].
♦3On etch ramps, triangular etch hillocks may appear.
♦Ctch rates was not reported, total etch depth by author was 100 nm. A two step wet chemical etching 
was used to etch fine/nano structure. Author used a non-selective etchant first to etch a bit o f InP, 
then using selective etchant presented.
♦3Better defined mesa obtained with a solution of lower CH3COOH (glacial acetic acid) content.
♦6At high concentration o f CH3COOH, these solutions etch the III-V materials slowly and smoothly, 
with more selective etching o f GaAs [27].
♦7HC1:CH3C0 0 H:H20 2 system (also known as KK1 etchant). Not only does KK1 etch InP and 
InGaAsP, it also etches an Au/Zn or Au/Sn electrode at a rate o f 10-20 A/s at about 20°C.
Table 4.3: Summary o f InP Etchants.
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An alternative to wet chemical etching is to try dry etching, in which significant 
progress has been reported in recent years. Dry etching techniques is able to provide a 
flat etched surface with very good uniformity over the whole wafer, however it suffers 
from poor controllability of etch depth unless real time depth monitoring is available. A 
vertical sidewall and precise ridge width can be achievable using this method, however 
it is a time consuming process as the equipment needs to be characterised in parameters 
such as temperature, pressure, gas type, concentration of gas, and power, that controls 
the etch rate and quality; and a suitable masking method is required as well.
For simplicity, the process will use wet chemical etching, and either of the two InP 
etchant below chosen from the summarized list can be used for the SLA/ISA ridge 
etching:
1) HC1:H3PC>4 (1:3), with a reported etch rate of 0.7 pm/min.
2 ) HC1:CH3C0 0 H:H3P0 4  (1 :1 :1), with a reported etch rate of 1 .0  pm/min.
The HC1:H3PC>4 (1:3) system is known as a slower and more stable etchant for InP. It 
does not bubble as violently as HC1:H3PC>4 (1 :1), therefore does not remove resist (on 
epitaxial structure), and gives a smoother etch surface. The HCl:CH3COOH:H3P0 4  
(1 :1 :1) system has a slightly faster etch rate, but shows similar etch characteristic to the 
former etchant and good results have been reported previously.
4.9 Etching for two section device isolation
Integrated two section devices on the same piece of wafer needs to be isolated in order 
to prevent current leakage from one device to the next or possibility of short circuit 
which would affect the device operation characteristic. There are different methods of 
achieving device isolation for integrated device fabrication such as etch isolation [30] 
and implant isolation. For simplicity, etch isolation is chosen since it is easy to 
implement as only one extra photolithography and etch step is required.
In this step, the highly doped InGaAs cap layer needs to be removed with a trench 
opening separating the SLA and SA device. Isolation masks of width 10 pm and 20 pm
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were available. Selective InGaAs etchant is used to completely remove the InGaAs 
layer (typically about 2 0 0  nm) from the dividing trench area, and optionally another 
100 nm InP could be removed by using HC1:H3PC>4 (1:3).
This etch isolation step is very important if a reverse bias is intended to be applied to 
the SA section, however for ion implanted SA, the biased characteristic of the device is 
uncertain and does not show a conclusive result [31]. Therefore, this step can be 
regarded as optional; hence, removing only the InGaAs layer would suffice when 
contact pads are not required on the SA section. This is because under normal passive 
operation the ion implanted SA section will not require to be biased, and in addition to 
that by ion implanting the SA, the implantation process introduces a resistive area and 
hence provides a low level of isolation.
There are two option for the etch isolation, which is either to etch the isolation trench 
before or after the ridge waveguide formation. Figure 4.12 illustrate the difference 
between the two options.
If the isolation gap is performed before ridge definition, the InGaAs layer through out 
the gap will have already been removed, and when it comes to the process of ridge 
etching as described previously, without the InGaAs layer protecting the ridge the InP 
etchant will start to etch the ridge section in the isolation gap region, therefore creating 
a fully disconnected waveguide. This will introduce different effective indices in the 
gap area due to the discontinuity in the waveguide, but will be able to maintain uniform 
ridge width in the area exposed at the isolation gap.
If the isolation gap is etched after ridge definition, there is the possibility that the ridge 
width in the isolation gap will shrink, as the etching process not only removes the 
bottom material, but will also remove material from the two side walls of the ridge. 
However, because the isolation gap depth is very shallow, the ridge after the isolation 
gap etch does not show much visible change, moreover the SLA/ISA acts as a single 
pass device for which the waveguiding should be sufficient, and the non-uniformity 
within the 1 0  pm gap would not be too crucial.
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Figure 4.12: Effect of isolation gap etch before or after the ridge formation.
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4.10 Ridge waveguide insulation
After the etching process, a 300 nm SiC>2 dielectric film is deposited on the wafer by 
plasma enhanced chemical vapour deposition (PECVD) technique. The deposition is 
carried out at 300°C, by using silane (SiFL*) and nitrous oxide (N2O) gas. The deposition 
process is fairly straight-forward using predefined parameters from previously 
characterised processes. The only difficulty arising from this process is the deposition 
of dirt and contaminants from the machine chamber which results in non-uniform 
coatings, which is required to be removed and the deposition process repeated. The 
thickness deposited can be measured by doing a simple photolithography step, or 
approximately estimated by observing the dielectric film colour as shown in Table 4.4., 
this method has proven to be a very close approximation.
SK Vfnm ) Colour (approximate)
30-70 Brown
100-130 Deep blue -  light blue
170-200 Yellow
300-330 Blue -  blue green
Table 4.4: Dielectric thickness with reference to its colour.
4.11 Contact metallisation
Many factors contribute to the feasibility and quality of a particular ohmic contact 
scheme for a given semiconductor. These factors and their desired conditions are listed 
in Table 4.5.
A two step metallisation process as illustrated in Figure 4.13 was used for the p-contact 
of the SLA/ISA device. First, a photoresist mask with a ridge window of only 3 pm 
wide is carefully aligned to the ridge and HF acid is used to etch away the Si0 2  in the 
window, thus exposing the InGaAs layer. The contact to the InGaAs cap layer is made 
using a thermally evaporated Au/Zn/Au (5 nm/15 nm/200 nm) metallisation which has 
been found to have a low contact resistance, however this metal has poor adhesion to 
the dielectric layer which can result in the metal delaminating at a later stage of the
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process. To prevent this, the Au/Zn/Au metal is patterned by a self-aligned lift off 
technique so that it only remains on the contact hole on top of the ridge. A subsequent 
photolithography step defines the contact area, and deposition of Cr/Au (20 nm/300 nm) 
by thermal evaporation forms the large area bond pad.
Factors Desired conditions
Design Fewer layers, moderate thickness
Processing Simple, repeatable, and could withstand high 
temperature annealing
Reproducibility Good
Yield High
Pc Low (< 10"6 Cl cm2)
Sheet resistance Low (a few Q/sq)
Thermal stability Good (no pc change at high temperature)
Surface morphology Smooth
Corrosion resistance Good (no oxides)
Wire bondability Compatible with Au or A1 wires
Cost Low
Residue stress to semiconductor Nil
Adhesion to III-V compounds Good
Table 4.5: Requirements o f a good ohmic contact for III-V compound semiconductors
Top layer
Barrier layer
Middle layer
Acceptor layer
Contact layer
Semiconductor
Substrate
Donor layer
Bottom layer
Au
Cr
Au
Zn
Au
Au/Ge
Au
(300nm)
(20nm)
(200)
(15nm)
(5nm)
(20nm)
(300nm)
p-type
n-type
Figure 4.13: Cross-sectional view o f evaporated metal layers on the semiconductor substrate. Zinc 
provides the acceptors for p-type contacts on InP.
The use of Au/Zn/Au metallization have been well know to provide a good ohmic 
contact and has been widely used [32] [33], but it is used with caution because of the 
high diffusability of Zinc [34] [35] [36]. The five-layer ohmic contact structure has the 
following advantages [37],
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a) The acceptor layer is clearly separated from the barrier layer. This prevents 
undesired chemical reactions between the dopants and the barrier.
b) Evaporation of eutectic alloys containing the dopants is not necessary, thus the 
resulting contacts show better reproducibility.
c) The top gold layer is sufficiently thick to permit bonding.
d) Only three metal evaporation sources are required to create the five-layer 
structure.
Ridge Contact 
(Au/Zn/Au) P-contact
(Cr/Au)
Insulation 
(Si02) >
MQW Active Region
N-Contact (Au€ie/Au)
Figure 4.14: (a) SEM cross-section of a ridge waveguide with Cr/Au and Au/Zn/Au contacts,
(b) cross-sectional illustration of the layer structure.
4.12 Wafer thinning and backside metallization
The wafer is subsequently thinned to a total thickness between 100 to 150 pm before 
n-contact metallization by either mechanical polishing or chemical solution etch in 
order to help accelerate the thermal dispersion during device operation. The minimum 
thickness is limited by the later processing, if the wafer sample is too thin, it will be 
very fragile and difficult to handle.
The mechanical polishing method is most commonly used as it is fast and easy to setup 
using a manual lapping tool kit, but risks breaking the wafer sample if too much force is 
applied while polishing. The wafer is stuck face down on a metal block using wax, and
AuZnAu CrAu
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then polished manually using 800 grade carborundum in a figure eight movement at the 
same time applying gentle force.
Alternatively, the solution etch method called Methanol/Bromine bubble etch is also 
capable of thinning the wafer but results in less mechanical damage to the wafer 
compare to the mechanical polishing method, and gives a smooth polished surface. The 
etch solution is 5 vol% bromine in methanol with nitrogen flow through a diffuser to 
produce a steady flow of bubbles. The purpose of the nitrogen is to prevents stagnation 
of the etch solution which can result in non uniform etch characteristics. The wafer 
sample is attached to a glass slide using dental wax ensuring that the p  side 
metallization is completely protected. The sample is submerged in the etch solution in a 
horizontal position and rotated slowly to ensure uniformity. The etch rate for InP 
material on average is about 20 pm/min depending on the freshness of the solution. The 
etched samples needs to be rinsed carefully in methanol.
Finally the back contact metallization of AuGe/Au (20 nm/ 300 nm) is evaporated. The 
AuGe/Au n-contact metallization is well known [34] to give a satisfactory low contact 
resistance, it is a very straight-forward process and no problems have been encountered 
during this stage.
4.13 Ion implantation capping scheme
Ion implantation is investigated for two purpose, one of which is to ion implant the 
saturable absorber section in order to achieve the fast saturable absorber for the 
integrated SLA/ISA device, and the other purpose is to electrically isolate a device. 
Depending on the type of ion and energy used for the implantation, different methods 
were used to protect the areas which are not implanted.
Table 4.6 summarise the TRIM calculated thickness of the stopping material required 
for the respective ion species at 4 MeV. Referring to the table, it shows that it is not 
practical to use Si0 2  or Si3N4 as the masking material for stopping helium or nitrogen 
ion implant, as it takes too long to deposit the respective material using PECVD with an
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average deposition time of 30nm/min; and it is impossible to obtain -  28 pm of 
photoresist thickness to mask the He implant, in addition the removal process will be 
very troublesome. For nitrogen implantation of SLA/ISA devices, thick photoresist upto 
1 0  pm or gold plating can be use, and for helium implantation only gold plating seems 
to be a practical choice. As for implant isolation of PIN devices using iron ions, 
photoresist was the most straight forward and simplest solution; the choice of gold 
electroplating was more troublesome and the suitable mask design was not available for 
photolithography.
Ion species 
(Atomic mass)
Helium  
(4.03 amu)
Nitrogen 
(14.003 amu)
Iron
(55.94 amu)
Stopping material Stopping range Stopping range Stopping range
Photoresist 27.95 pm 6.36 pm 4.94 pm
S i0 2 15.93 pm 3.51 pm 2.73 pm
SiaN4 10.65 pm 2.46 pm 1.81 pm
Au 6.29 pm 1.51 pm 3.64 pm
Table 4.6: Comparison o f the stopping material and range required 
for the respective implant species at 4 MeV.
4.13.1 Electroplating
In order to perform the Au electroplating on the wafer sample, a thin layer of gold 
(50 nm) was first evaporated on the surface to ensure all the areas to be plated were in 
good electrical contact. A photolithography stage followed to mask the areas where 
electroplating is not desired. The wafer piece is mounted in the electroplating circuit 
(Figure 4.15) and placed in the plating solution. Typical plating currents were 1.3 mA to 
plate a 1 cm2 piece at a rate of 0.15 pm/min. After completion, a gold etch solution is 
used to remove the thin gold layer that provided the electrical connectivity after the 
resist is removed.
After ion implantation, the Au plating can be left on the SLA contact, and has an added 
advantage. In the ridge waveguide SLA/ISA structure, the ridge etch results in the wafer 
surface being non-planar and consequently the evaporated metal may be thin at the 
steps in the surface. This could lead to failure of the metal layer under high current
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drive. The plated thick gold layer on the bond pad could help to overcome future 
possibility of contact quality degrading, and also helps to distribute the heat generated.
Sample
□ □ □ □ 
□ □ □ □ 
□ □ □ □ 
□ □ □ □ 
□ □ □ t
Metal contacts
, Patterned 
resist
wire mounted 
using SilverDag
Plating jig
wire mounted 
using SilverDag
Sample
(a) sample mounting
P.S.U Pt coated 
Ti anode4K7
D.V.M
Sample.
Com 300mA
GD
(b) Electroplating setup 
Figure 4.15: Arrangement for electroplating of gold.
£ ^  i
SLA section
Gold plated 
(implant protected) SA 
Section
Implantation 
area
Figure 4.16: Optical photo-micrograph of a SLA/ISA device plated with Au; 
inset shows the plated surface quality is reasonably smooth.
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4.13.2 Implanted photoresist and removal
To fabricate the PIN photodiode using ion implantation as an alternative to mesa 
etching for device isolation, the thick photoresist method is used to protect unimplanted 
areas. Prior to photoresist coating, a thin layer (30 nm) of SiaN4 is deposited on the 
wafer by using PECVD as a buffer layer to avoid direct contact between the photoresist 
and the metal contacts. Then positive resist SJR5740 capable of achieving 10 pm 
thickness is spin coated for the purpose. The disadvantage of using photoresist as an 
implant mask is the difficulty in removing the photoresist after implantation. The 
implanted resist changes its original chemical structure which is known as 
“carbonization” [38][39]. Substantial hydrogen has been removed by the ion 
bombardment of the implant, and the region becomes highly rich in carbon. The net 
result of this is the formation of a rigid and brittle film, which with sufficient implanting 
dose, can be completely gas tight and impermeable [40]. It becomes insoluble in typical 
photoresist solvent such as acetone (cold), or Losolin IV (hot), it is also impossible to 
remove the carbonized resist using any acid or alkali etchant.
Figure 4.17 shows a cross-sectional schematic model of the photoresist masking feature 
after the wafer has been subjected to ion implantation. The various components within 
this implanted resist are present in all implant situations. However, the relative 
dimensions and properties of the various regions of the mask vary widely with the 
particular implant; the ion species, energy, and dose are the primary determinants [41]. 
In addition the temperature control of the implanter, size, and shape of the patterned 
features, and nature of the original resist mask (resist type, pre-treatment baking, and 
hardening) all play a role in the stripping properties of the implanted mask.
C arbonize layer
Virgin p h o to re sis t
Figure 4.17: Implanted resist model.
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The most common removal method is to used Oxygen plasma etching [38][42][43]. 
Usually, the ion implantation causes the carbonization of the photoresist only at the 
outer layer, preventing solvent from seeping through and dissolving the resist. It is 
possible to first perform a solvent clean of the implanted sample to help remove any 
bottom layer photoresist that has not carbonized, but this is avoided as the implanted 
resist swells and shrinks cause by the heat generated during the implantation process, 
introducing a surface tension onto the contact metal below which could pull it off even 
with the Si3N4 buffer layer applied. Depending on the thickness of the resist to be 
removed, there are two option for oxygen plasma removal, which is the use of either a 
tunnel barrel etcher (TUN), or reactive ion etching (RIE) [40][44], or both. RIE is 
operated at higher power (150 W), and therefore has a faster etching rate of 
approximately 450 nm/min, whereas etch rate for lower power (100 W) TUN is around 
100 nm/min. The RIE has a fast etch rate, but because of the higher power higher 
temperature operation, this results in residue resist typically around 100 nm which is no 
longer removable by RIE, but can be etch away using TUN or by etching away the 
Si3N4 cap layer deposited below.
Figure 4.18: Optical photo-micrograph of (a) diode contact metal, (b) SJR5740 photoresist prior to ion 
implantation, the metal contacts underneath is clearly visible.
Figure 4.19: Optical photo-micrograph of photoresist after ion implantation, (a) contact metal partially 
visible, (b) contact metal no longer visible under carbonized photoresist.
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SJR5740 photoresist profile before implantation
photoresist
Metal contact t
Wafer sample
Photoresist profile after implantation
1.5t
He+ 800 KeV,
Dose 2 x 1014 cm'2, RT
Fe+ 1.5 + 4 MeV,
Dose 5 x 1014 cm'2, RT
Figure 4.20: Resist profile observed before and after ion implantation.
It is clearly visible from a comparison of Figure 4.19(a) and (b), that carbonization 
occurs more for implant with heavier ions, higher energy, and higher dosage. For He+ 
implantation, the contact metal is still partly visible through the photoresist, whereas for 
the Fe+ implant, the photoresist has changed to silver black colour. The photoresist also 
swells more at higher energy due to thermal effect, stress and tension caused by the 
implantation process, as illustrated in Figure 4.20.
4.14 Fabrication of PIN devices by ion implant isolation
TRIM simulation was carried out using the epitaxial structure to estimate the energy 
and dose required to generated enough damage to induce electrical isolation. 
Figure 4.21 shows the TRIM damage distribution profile for MR 1654 structure 
produced by Fe+ implantation at 1.5 MeV and 4 MeV, and in Figure 4.22 the respective 
profile by using He+ at 600 keV and 800 keV. The distribution profile clearly shows 
that Fe+ implant produces more damage and more uniform distribution, whereas the 
damage produced by He+ is much lower and the damage distribution is non-uniform and
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peaks near the end of the stopping range of the ions. However, He+ was able to achieve 
the same implantation depth at a much lower energy.
The Position of the damage distribution by Fe Ions
1E+21
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Figure 4.21: TRIM results showing vacancies produced for Fe+ implant at 1.5 MeV and 4 MeV at a dose 
of 5 x 1014 cm2. The dotted lines show the interface between the P-I-N layers in the wafer.
The Position of the damage distribution by He Ions
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Figure 4.22: TRIM result of the vacancies produced in MR 1654 wafer with an implant dose of 
2 x 1014 cm2 for He+ 600 keV and 800 keV.
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The PIN device was fabricated by a two step photolithography process, and it has a 
200 pm diameter diode structure. The top metallization is Cr/Au ohmic contact using 
standard metal lift-off procedure, while GeAu/Au was used for the bottom contact. The 
InGaAs cap layer on wafer MR1654 were selectively removed to reduce light 
absorption using InGaAs selective etchant H3P0 4:H2C>2:DI (1:1:8) after contact 
annealing at 440°C. A thin layer (~ 30 nm) of Si3N4 was deposited on the sample 
surface by plasma enhanced chemical vapour deposition (PECVD) to act as a buffer 
layer to protect the unimplanted area from the resist removal process. For the 
implantation mask, positive SJR5740 thick photoresist was used.
The samples were ion implanted using the 2 MeV High Voltage Engineering Europa 
(HVEE) implanter at the University of Surrey, using the recipe in Table 4.7. During 
implantation, the samples were tilted by 7° from normal incidence to minimise 
channelling effects. After implantation, the top layer of any irremovable hardened or 
carbonised photoresist mask was first etched away using oxygen plasma as has been 
previously described. Then the Si3N4 layer was removed in buffered HF. Finally post­
implant rapid thermal annealing (RTA) was carried out. The summarised fabrication 
process for the implant isolated PIN photodiode is illustrated in Figure 4.23, and in 
Appendix C is the typical fabrication process for a mesa etched PIN photodiode.
Implantation recipe 
(ion, energy, dose, 
temperature)
Comments
Fe+,
1.5 MeV + 4 MeV, 
5 x 1014 cm'2,
77K.
As shown in Figure 4.21, multiple energy Fe+ implant at 1.5 and 4 MeV is used to create 
two peak damage in the structure, placing the lower energy peak damage in the p-type 
region, and the higher energy peak damage in the n-substrate. Multiple energy is used 
because iron is a heavy ion and the damage distribution across the specified region is not 
uniform, hence a single deep implant does not create enough damage for isolation. 
Patrick et. al. [45] presented sheet resistivity of ~ 107 £2/sq for Fe+ on p-InP (Zn doped) & 
InGaAs (Zn doped). Post implant annealing was performed at 450°C in two 30s steps.
Fe+,
1.5 MeV+ 4 MeV, 
5 x 1014 cm 2, RT.
This is similar to the above recipe, but preformed at room temperature for comparison. It is 
known that optimum result is achievable at both 77K and RT implants, however hot 
implants typically shows sheet resistivity about an order of magnitude lower.
Table 4.7: Implantation recipe chosen for MR1654 implant isolated PIN devices.
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I____
N contact (AuGe/Au)
Si3N4
Thick resist mask
Ion Implantation
111111
200 urn
INmill ill
P contact area definition (+Ve 
S 1818 with Chlorobenzene 
soak)
P metallisation: Cr/Au 
(20/300nm) and lift-off in 
Acetone
Bottom N contact 
metallisation: GeAu/Au 
(20/300nm)
Contacts annealed at 440°C
Selective removal of InGaAs 
cap 200nm (Optional)
PECVD 30nm Si3N4 (used to 
ensure proper removal of 
photoresists)
Definition of thick photoresists 
implantation mask (+Ve 
SJR5740): Resist thickness > 
5um
Cleave sample into smaller piece 
if required (Optional)
If sample too small, mount on 
larger piece of Si wafer using 
photoresist for easier 
handling/mounting (Optional)
Ion implantation isolation
Removal of implant mask in 
Acetone
Use Oxygen Ashing to remove 
residue
1 Remove Si3N4 in buffered HF 
(1 HF:7 DI)
1 Cleave to smaller pieces if 
required for individual 
testing/mounting
Figure 4.23: Summary of the implant isolated PIN device fabrication process.
Isolated region
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Chapter 5 
Experimental characterisation 
system
This chapter describes the experimental techniques and configurations used for the 
characterisation of the semiconductor laser amplifier (SLA) and the MQW saturable 
absorbers (SAs) which were fabricated. First, the alignment configuration for the 
waveguide devices is presented. Sections 5.1 to 5.6 describe the experimental 
techniques used to characterise the SLA devices, which includes the measurement of 
the SLA amplified spontaneous emission (ASE), gain, and gain dynamics 
characterisation using pump-probe techniques. Section 5.7 describes the 
characterisation of the MQW SAs, which includes measurements of saturation and 
recovery time.
5.1 Initial electrical characterisation
The first stage of characterisation is to examine the electrical characteristics of the 
cleaved bars of ridge waveguide lasers, SLA and PIN devices fabricated. The current- 
voltage (I-V) characteristics were measured using a HP4145 parameter analyser. Under 
forward bias, the slope of the I-V characteristic in the high current injection region is a 
good estimate of the contact and series resistance of the device. This will provide a 
good indication of any major problems in the fabrication process and allows the 
selection of devices to be individually diced and mounted for further characterisation.
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5.2 Initial optical characterisation
Initial optical power-injected current (P-I) testing on devices cleaved into bars is carried 
out under pulsed conditions on a probe station to identify suitable devices to be diced 
for further analysis. The P-I characteristics enables the determination of threshold 
current for a laser or SLA device. Typically the measurement is carried out at room 
temperature under pulsed current operation to avoid heating effects.
To characterise an angled ridge SLA device, the process is more complicated as light 
will need to be coupled in and out of the device in order to check whether the gain 
element is functioning. To obtain maximum coupling from fibre to the SLA and vice 
versa is not an easy task; due to the use of an angled facet the far field distribution angle 
needs to be taken into consideration when aligning a fibre. However, for this initial test, 
we can just bias the SLA device at a high current and observe its spontaneous emission 
as in practise it is not possible to obtain zero facet reflectivity with an angled ridge 
design, as all the devices characterised did not have anti-reflection (AR) coated facets. 
Once the operational devices are identified they are diced to individual chips for 
mounting and bonding for easier handling and more detailed analysis.
5.3 Waveguide device mounts
Each cleaved device is first mounted on a small sub-mount (Kyocera Corporation LD 
Header) raised by a small piece of Si cut to the same size of the devices in order to get 
more clearance for the coupling of optical lensed fibre. Epoxy is used to stick the device 
and Si dice onto the sub-mount, the epoxy is carefully over flown along the side of the 
Si dice to ensure a contact is made between the device n-contact and the sub-mount. 
This is illustrated in Figure 5.1 and Figure 5.3. The devices are carefully observed under 
a microscope before and after mounting to check that there is no damage to the device 
facets, and that it is mounted flat on the sub-mount.
109
Chapter 5: Experimental characterisation system
Device
Bond wire (mounted at an angle)
Epoxy
Silicon dice
Sub-mount
Figure 5.1 : Illustration of SLA device mounted on a Kyocera LD header ready for testing.
Base sub-mount holder
Kyocere LD H eader 
Sub-mountDevice  
under test
Lense fibre
Figure 5.2: Schematic illustration of device under test mounted at optimum angle for maximum coupling
to lensed fibre.
Devices with 7° ridge to the normal are mounted at an angle of 23° to the normal on the 
sub-mounts to improve the coupling efficiency of the angled ridge. Whereas, devices 
with 10° ridge are mounted at 33° to the normal on the sub-mounts, see illustration in 
Figure 5.2. The choice of the suggested mounting angle had been calculated to obtain 
the best optical coupling and will be discuss in the next section.
The Kyocera LD Header is then clamped onto a larger standing mount as shown in 
Figure 5.4, which has a peltier cooler and thermister. A temperature controller is used to 
keep the device at a constant temperature even for changing currents, heat sink 
compound is applied to the mount’s interface to ensure an accurate temperature reading
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and controlling. Unless otherwise stated, all experimental measurement are carried out 
at 20°C.
Electrical
isolation Sub-mount 
(Kyocera LD Hjei
To +ve bias
Gold bond wire
Heat-sink
compound
Base standing mount
Figure 5.3: Optical photo of a mounted SLA under test.
controller
Connector for 
current/voltage bias
Kyocera 
LD 
y  Header
Connector for 
temperature
Figure 5.4: Device sub-mount is mounted on the base standing mount.
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5.4 Waveguide alignment setup
Figure 5.5 show a schematic illustration of a basic arrangement for the characterisation 
of the SLA/SA devices. The standing mount is designed so that when mounted onto the 
optical bench, it is self-aligned at normal angle to the micropositioner, this makes the 
initial alignment of the lensed fibre to the device much easier. Two Newport 
ULTRAlign 561 series micropositioner which offers five degrees (X-Y-Z, tilt and 
rotation flexibility) of positioning freedom was chosen for the purpose of lensed fibre 
alignment. Coupling light in and out of the waveguide SLA and passive SA has been 
one of the most difficult and time consuming issue of the experiment, Coming 
OptiFocus Lensed Taper fibres (SMF-28), with a focal length of -20  pm and far-field 
divergence angle of 20° was used to accomplish this. A coupling efficiency per pair of 
80% was obtained; this is measured by coupling light from one lensed taper into 
another. However, during characterisation of devices the coupling efficiency will be 
much lower due to error in coupling angle and position. To minimise coupling losses 
due to alignment error and to avoid damages to either the SLA facets or lensed fibre, the 
alignment is done with the aid of two microscopes, viewing from the Y-direction and 
Z-direction, giving the top view and side view of the device respectively, as illustrated 
in Figure 5.6.
Optical 
power meter
Device
under
Sub-mount
Tunable Laser 
Source
(Kyocera)
Newport 
Fibre Holder 
5 61 -FH
Lensed
fibre
\
N e w p o rt
Photodetector
Newport positioner 
M -561-T ILT
Newport positioner 
M -561-T ILT
Base sub-mount 
holder
Figure 5.5: Schematic illustration of a basic setup for characterisation of a waveguide SLA/SA device.
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Base standing mount 
(holding device under test)
Figure 5.6: Alignment setup for optical coupling into waveguide SLA/SA using two Newport 
ULTRAlign 561 series micropositioner with five degrees of positioning freedom, and Corning OptiFocus
Lensed Taper Fibre on each side of the device.
Electrical bias 
connectorDevice under test 
(Kyocera LD Header)
Taper lensed fibre
Temperature
controller
connector
Base standing mount
Figure 5.7: Device alignment and optical coupling setup.
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5.5 Angled facet and optical fibre coupling
One of the difficulties with testing and using the angled facet SLA/ISA device is to 
couple light efficiently between the device and fibre. This is because the fibre has a 
narrow angle of acceptance, and the far field distribution of the angled facet is at an 
angle. The optimum coupling efficiency can only be obtained by positioning the end of 
the fibre very close to the laser facet. Low coupling efficiency is a particular influence 
on the performance of a laser amplifier because the useful gain available is severely 
reduced when the input and output coupling efficiencies are low.
Angle ridge waveguide
(a)
Lens fibre
AR
SLA/ISA
pattern
Lens fibre
AR
SLA/ISA
Figure 5.8: (a) Coupling between angled facet and tapered lens ended fibre at normal incidence to device 
facet, (b) illustration of far-field overlap with fibre.
To improve the coupling efficiency it is necessary to match the output field of the laser 
with the output field of the fibre as well as possible. This can be done using a fibre with 
lens [1][2][3][4] and careful angle alignment [5][6]. For the initial testing of the angled 
device and for simplicity purposes, it is possible to first align a tapered lens ended fibre
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normal to the device facet as shown in Figure 5.8. 0i° is the tilted angle of the ridge 
waveguide and 02° is the far field divergence angled due to refractive index change 
between two materials, ignoring refractive index changes due to the single layer AR 
coating. As can be seen from Figure 5.8(b), the coupling from the angled device is still 
possible but the output field is not fully captured by the fibre, hence there will be 
significant coupling losses.
For improved coupling efficiency, the far field divergence angled should be taken into 
consideration and the fibre aligned to the normal plane of the field propagation. It is 
also useful to look at the far field pattern of the angled facet. An approximate analysis 
of the far field pattern of an angled facet have been presented by Wang et. al. [6 ]. 
Referring to Figure 5.9 showing the coupling of an angled facet to a lensed fibre, also 
taking into consideration the single layer AR coating, the direction of the light 
propagation changes according to Snell’s law,
sin 0X _ n2 ^
sin 02 ft,
0 i and 02  are the angle to the normal for the first and second material respectively where 
the incident light passes through; ni, n2 are the respective materials’ refractive index. 
Calculated for a typical semiconductor-air interface, assuming that the AR coating layer 
is not critical, the light output propagating angle from a 7° angled facet waveguide is 
23.6°, and for a 10° tilted waveguide, it is 34.5°. This value is useful as an initial 
starting angle for the SLA device to lens fibre alignment setup, which can help 
maximize the coupling efficiency. An alternative method to using lensed fibre is to use 
angled end fibre as illustrated in Figure 5.10, where it requires the alignment of two 
parallel facets provided the fibre end facet angle is chosen correctly. For a 7° SLA facet, 
the fibre facet angle, 03 calculated using Snell’s law would be ~ 15.4°.
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'ar 'Air
ARSLA/ISA
Lens fibre
AR
SLA/ISA
Figure 5.9: (a) Illustration of the angle changes to the light signal during transmission according to snell’s 
law, (b) alignment of the lens fibre at an angle to maximise coupling efficiency.
01°
'Air 'Fibre
02°, Angled facet 
fibre
SLA/ISA
Figure 5.10: Alignment to an angled facet SLA using angled facet fibre.
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Device under test
Peltier cooler
Figure 5.11: Optical coupling to waveguide SLA/SA using tapered lensed fibre. Clearly visible is the 
device under test mounted at an angle with respect to the coupling fibres.
5.6 Experimental studies on semiconductor laser amplifier
5.6.1 SLA amplified spontaneous emission measurement
SLA amplified spontaneous emission (ASE) output power versus bias current (P-I) 
measurements were made using the configuration of Figure 5.12. The device coupling 
arrangement used is as explained in Section 5.3 -  5.5.
Right
Left
Lensed
fibreLensed
fibre SLA
Power 
Meter (1)
Power 
Meter (2)
Current source
(0-200mA)
Figure 5.12: Configuration used for SLA output power measurement.
117
Chapter 5: Experimental characterisation system
This is the first measurement taken for the mounted SLA. The SLA is connected to a 
current source and temperature controller. The temperature of the SLA is maintained at 
room temperature (20°C) by biasing the Peltier cooler, which is mounted close to the 
Kyocera LD Header as shown in Figure 5.11. The output spontaneous emission power 
of the SLA on both facets is measured using an Anritsu optical power meter for each 
facet respectively at 1550 nm, by varying the injection current from 0 mA to 200 mA in 
2 mA steps.
During the initial measurement of the ASE from SLAs of different length, the ASE 
from both facets is measured at the same time. This enables us to match the power level 
from both facets, in order to achieve the maximum coupling. Ideally, the power 
measured from the facets is the same, however in some cases there might be a 
difference. This can be due to a damaged facet, or error in the device mounted angle, 
and in some cases the device not being flat due to overflow of epoxy. The tabulated data 
of the P-I measurement for each device is a very useful reference for future realignment.
5.6.2 SLA Gain characteristics
The next set of measurements is to determine the gain, i.e. the ratio of the signal power 
at the output to the input power of the amplifier, for different input signal levels and at 
different levels of injection current. This is probably the most important operational 
parameter of a laser amplifier in many applications. Here we shall study the SLA gain 
aspects in CW operation, also known as the small signal gain.
The experimental setup for measuring the SLA gain is shown in Figure 5.13. A CW 
optical beam from a Tunable laser source of the desired wavelength is injected into the 
SLA with polarisation adjusted corresponding to the maximum SLA gain. The input 
power can be easily varied from the Tunable CW laser source. The circulator is in place 
for ease of monitoring the SLA ASE power during alignment, and to act as an isolator 
to prevent back reflected light from the SLA facet from reaching the source. Not 
illustrated in the figure, all the fibre connections used were angled to avoid or minimise
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back reflected light from propagating into the SLA. Finally, the output signal power and 
the ASE power spectral density are measured with an optical spectrum analyser.
Polarisation
C ontro ller Circulator
Left Right
Lensed
fibre
L ensed
fibre
S L A
T u n a b le  
C W  laser
O ptical
S p ectru m
A nalyser
C u rren t source  
(0 -2 0 0 m A )
Figure 5.13: Experimental setup used for SLA gain characterisation.
5.6.3 SLA Recovery Time Measurement
Aspects of the SLA gain dynamics occur beyond the speed limits of the fastest 
photodetectors available today, meaning that the temporal gain changes cannot be 
directly measured with a high-speed photodiode connected to an oscilloscope. To 
investigate the SLA gain dynamics, an indirect technique in the time domain known as 
the pump-probe technique [7] is utilised, which is able to achieve a higher resolution. It 
is basically an optical sampling technique.
5.6.3.1 Pump-probe system: basic of operation
In a basic pump-probe system, a laser pulse source is utilised. The pump-probe 
technique requires a laser source able to produce very short optical pulses, because their 
width determines the temporal resolution. The optical pulse is split into two parts, the 
pump, which is the more intense of the two and the probe pulse, which is much weaker 
in order to produce the minimum disturbance in the sample; often, a 90/10 splitter is 
used to achieve this. The separated beams follow different optical paths with one having 
a variable path length. Varying the path length will in effect vary the time delay 
between the pump and probe pulses. The delay is typically produced by a precise
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motorized transitional stage due to the extremely accurate requirements for temporal 
resolution (light travels 0.33 pm in a single femtosecond). Following the different 
optical paths the pump and probe beams are then directed and focused on the same 
spatial area on the sample, in the case of a waveguide device the input coupling is 
important to ensure the pump and probe pulse pass through the same path. The 
transmission beam (probe) is then detected with a photodiode. To improve the 
sensitivity of the experiment in many cases a lock-in amplifier is utilized along with an 
optical chopper. The chopper can either be placed in the path of the pump beam or the 
probe beam or in some cases both, which is used to modulate the excitation thus giving 
a synchronization signal to the lock-in amplifier.
5.63.2 Pump-probe setup using short pulse fo r probe signal
The pump-probe technique for SLA uses the changes in transmission of the probe pulse, 
following the strong pump saturation of the SLA, to map out its gain recovery 
evolution. Pump-probe experiment was carried out to measure the gain dynamics of the 
SLA, Figure 5.14 shows the pump-probe experimental system used. The light pulses for 
the pump-probe system are generated by a figure-of-eight mode-locked laser (MLL), 
operating within the wavelength range of 1520 -  1565 nm. The pulse intensity profile is 
sech2, it has a pulse width of 2 ps and at 4 MHz repetition rate. The MHz repetition rate 
ensures that only one pump pulse at a time travels through the SLA and that the device 
gain is fully recovered before the arrival of the next pulse. A variable optical attenuator 
is used to obtain the required input power to the pump-probe system from the MLL. The 
pulses are split into the strong pump and the weaker probe signal with a power ratio of 
80:20 between the pump and probe beams.
The polarisation state for the pump and probe at the SLA input can be set by adjusting 
the polarisation controllers in their respective arms. An acousto-optic modulator (AOM) 
is used to shift the pump optical frequency by 27 MHz with respect to the probe. This is 
to avoid variations in the detected probe average power caused by the interference 
between the pump and probe pulses when they overlap in time at the SLA input, which 
is known as the coherent artefact [8 ].
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The variable optical delay line is set up in the probe path. Light is launched into free 
space through an angled polished fibre end, collimated using a free space objective 
(FL10B), reflected from a gold mirror (gold deposited on a microscope slide) mounted 
on a translation stage, and then focused back into the same fibre. The translation stage 
used was 150 mm long, and could be adjusted with a resolution of 1 pm, this gives us a 
resolution of 6.7 fs and a maximum scanning range of 1 ns.
After the pump and probe signals are separated into two paths, the pump and probe 
signals are coupled into the waveguide device (SLA or SA) using the configuration 
described in Section 5.3. We employ here the spatial multiplexing technique for the 
pump and probe signal, by using the counter-propagating pump-probe configuration, 
where the pump signal is coupled into the device under test (DUT) from one facet (i.e. 
left facet), and the probe signal is coupled into the DUT from the other facet (i.e. right 
facet). The probe signal propagates through the DUT and then comes out from the other 
facet (left facet). The output signal then passes through a circulator onto a photodetector 
connected to a lock-in amplifier.
There are two options that we could use to chop the signal in the pump-probe system; 
either chopping the pump and probe signal, or chopping only the probe signal and use a 
separate monitor lock-in. Both options have been tested and presented very similar 
results. However, for the purpose of being consistent, the option of chopping only the 
probe signal and using a separate lock-in amplifier was used throughout the experiment. 
This decision is influenced by the variable delay used in the system as the output of the 
variable delay is non-uniform. It varies systematically as the translation stage is 
scanned. To account for the variation in the input probe power to the device, a separate 
measurement is taken at the output of the variable delay after the 80:20 coupler, with a 
second photodetector and lock-in amplifier.
The probe beam is modulated by the mechanical chopper wheel at frequency of 
1.1 kHz. In this configuration the voltage at the lock-in amplifier output is directly 
proportional to the probe average power at the DUT output. Chopping the pump,
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instead of the probe beam does not work well, because in this case the detected signal is 
not background-free, and we will not get any information as to the probe power in the 
absence of the pump.
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Figure 5.14: Configuration used for the pump-probe measurements. Setup uses the pulses from the 
figure-of-eight MLL for the pump and the probe signal, and has a variable delay line in the probe path.
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For this short-pulse pump-probe measurement, it was critical to ensure that the pump 
and probe path lengths (from the pulse source to the DUT) match when the variable 
delay is set close to minimum. This was achieved by ensuring that the pigtails on most 
components are equal, and also employing a free space alignment in the pump path 
which serves two purposes. One is to easily match the path length by adjusting the 
distance between the two collimating objectives, and the other is for the convenience of 
incorporating the mechanical chopper wheel into the pump path if chopping the pump 
signal is required as previously explained. To minimise unwanted reflections of the 
probe light, all the fibre pigtails were also fitted with angled connectors.
A LabView program is used to control the experiment by stepping the translation stage 
to sweep the variable delay, whilst capturing data from the lock-in amplifiers to make 
time resolved measurements.
5.63.3 Pump-probe setup using CW  for probe signal
Figure 5.15 shows an alternative pump-probe setup which was initially used to 
characterise the waveguide device recovery time. This setup utilises the same pulse 
signal from the figure-of-eight MLL as the pump signal, but utilises a CW signal from a 
CW tunable laser source as the probe.
The same counter-propagating method as for the previous setup is used to couple the 
pump-probe signal into the DUT. The pump pulses enter the DUT on the left side, 
through the circulator, and the probe CW signal enters the DUT on the right side, with 
the polarisation adjusted for maximum signal transmission. The probe CW then exits 
the DUT from the left facet of the device and passes through the circulator to the 
photodetector.
An erbium-doped fibre amplifier (EDFA) was used in the path to amplify the weak 
probe signal. The pump and probe signal are set at different wavelengths, preferably far 
from each other. Optical filtering was used to prevent pump leakage from the circulator 
or reflected residue pump pulses from the device facet, which could easily damage the
123
Chapter 5: Experimental characterisation system
sensitive photodetector used. Two narrow bandpass filters (Tecos KD-211, 1 nm) were 
used, one before the EDFA to filter the residue pump signal and to ensure that it is not 
amplified, and the second one after the EDFA to filter noise from the EDFA. An 
Agilent 86100B Infiniium DCA Oscilloscope was used to perform the time recovery 
measurement. It has a very sensitive detector with optical bandwidth up to 50 GHz. The 
optical attenuator placed before the oscilloscope is a safety measure, to vary and limit 
the amplified signal from the EDFA incident on the sensitive photodetector. The output 
power was monitored on the optical power meter and kept below 250 pW.
The pump-probe system using a CW probe signal provided us with a quick and rough 
measurement of the device recovery time. However for higher resolution and 
characterisation of implanted fast recovery devices, the pulse pump-probe setup as 
depicted in Figure 5.14 is our preferred choice.
Pump-probe (pulse-pulse) -  Figure 5.14 Pump-probe (pulse-CW) - Figure 5.15
-Higher scanning resolution 
-Range up to 1000 ps 
-Only one light source is needed 
-Pump/probe path length had to be match 
-Requires more alignment and adjustment
-Much simpler setup 
-Range up to 3000 ps 
-Simple and quick measurement 
-Requires pulse and CW source 
-Risk of damaging sensitive detector
Table 5.1: Comparison between pump-probe setup using pulse probe signal and pump-probe setup using
CW probe signal.
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Figure 5.15: Pump-probe configuration using CW probe signal.
125
Chapter 5: Experimental characterisation system
5.7 Experiment studies on saturable absorbers
5.7.1 Short pulse saturation measurement
Measurements of the SA device saturation were made using the configuration of Figure 
5.16. The pulse source used is the same figure-of-eight MLL used for the pump-probe 
measurement, which provides 2 ps pulses at 4 MHz repetition rate. The device is first 
aligned to the lensed fibre as described in Section 5.3, then the polarisation is adjusted 
for maximum output through the SA, as it is highly polarisation sensitive. The input 
power to the SA is controlled by the variable attenuator, and the changes to the output 
power with respect to input power are measured at several different wavelength in the 
range from 1525 nm up to 1550 nm. The linearity of this measurement in the absence of 
an SA was verified experimentally.
Polarisation
Controller
CD----
Lensed r I
fibre
Lensed
fibre
SA
Variable
Attenuator
Optical
power
m eter
Figure-of-eight 
MLL 
(Pulse Source)
Figure 5.16: Configuration used for pulse saturation measurements.
5.7.2 SA recovery time measurements
For the measurement of the saturable absorber recovery time, the same pump-probe 
configuration (shown in Figure 5.14) for the SLA gain dynamics measurement 
described in Section 5.6.3 is used. The pump-probe technique uses the pump beam to 
induce absorption changes in the material [9]. Without the pump pulse the probe will be 
absorbed by the SA sample to some extent. In an MQW SA, when the pump pulse is 
introduced, it will generate a number of photoexcited carriers. Given no further 
perturbation to the material, these photoexcited carriers will recombine ranging in time 
scales from femtoseconds to nanoseconds. If the probe pulse comes in before the 
photoexcited carriers recombine, there will be less carriers in the ground state, so less of
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the probe pulse will be absorbed. As the probe pulse is delayed, more and more 
photoexcited carriers have the chance to decay. Thus, the probe signal (the difference 
between the probe intensity to the pump) will be reduced. This decay follows an 
exponential curve (either a single exponential or multiple exponentials). The time 
constants for these exponentials are a direct measurement of the time scales of the 
relaxation processes. The probe signal therefore reveals the dynamic changes of the 
MQW absorption in response to excitation.
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Experimental Results
This chapter presents the characterisation results for the SLA and SA devices. In the 
first section, the amplified spontaneous emission, the gain, the output saturation power, 
the noise figure and the gain dynamics are discussed for various SLA operating 
conditions. The gain compression measurement of the SLA devices using the pump- 
probe configuration shows that the recovery time of the SLA is not slow enough to 
avoid patterning effects. Pulse saturation measurement results are then presented, the 
results enable the determination of the excitonic absorption peak wavelength and its 
corresponding non-linearity. Recovery time measurement for SAs of different length is 
then discussed. Lastly, results for PIN devices fabricated from wafer MR1654 using ion 
implantation method to achieve electrical isolation is presented.
6.1 SLA amplified spontaneous emission
Experimentally the Amplified Spontaneous Emission (ASE) is the easiest optical SLA 
characteristic to be measured. For an SLA operating as an amplifier the ASE is 
undesirable, as it adds noise to the amplified signals, degrading their output signal-to- 
noise ratio. Moreover, the ASE depletes carriers, limiting the maximum device small 
signal gain that can be achieved. However, the ASE can be useful as a broadband 
optical source, and in this case it simplifies considerably the procedures to align the 
lensed fibres to couple in and out the light from the SLA chip.
The ASE has a very important influence on static and dynamic SLA performance. It is a 
results of the combination of spontaneous and stimulated emission. Due to the large 
carrier density that is present in the conduction band, many photons are generated by 
spontaneous emission. Some of these photons are coupled into the fundamental mode of
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the active waveguide and are amplified. As a result a wide optical spectrum can be 
observed at the SLA output, which is due to the spontaneous emission, and a high 
intensity caused by the optical amplification through stimulated emission.
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Figure 6.1: Measured fibre-coupled ASE output power versus bias current for SLA length: 
a) 400pm, b) 650 pm, c) 880 pm, and d) 925 pm.
Figure 6.1 depicts P-I curves, i.e. the output ASE power versus bias current for different 
SLA length. The ASE power is measured by coupling the output into a lensed fibre as 
described in Section 5.6.1. The results shown in Figure 6.1 have included the estimated 
-  5 dB device facet to fibre coupling loss, which means that the actual emitted ASE 
from the facets should be much higher. The measured curve is similar to the P-I 
characteristic of a laser diode, where two ranges can be identified. At low currents it is
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mainly due to spontaneously emitted photons at the SLA output. The SLA basically acts 
as a light emitting diode (LED) in that region. When the current reaches a threshold 
value, the slope of the output power abruptly increases. The stimulated emission 
becomes the dominant effect in this range, and the output power is mainly given by 
photons coupled into the active region and amplified along the waveguide.
Figure 6.1 shows that the length of the SLA plays an important role on the ASE output 
power. Figure 6.2 is a plot showing the total output ASE power exiting from one SLA 
facet versus the device length. The results shown have been compensated with the 
estimated device to fibre coupling loss of ~ 5 dB, hence assuming it is the total ASE 
output power from the facet. To compare the different lengths, all the devices are biased 
at the same current density. As expected, the results show that the longer the device, the 
larger the output ASE power, due to the increase of the device gain. We have only 
characterised SLA devices of < 1000 pm in length, the difference between the device 
length are small and may not show significant changes in the result compared, but for 
very long devices (> 1000 pm) it is expected that at some point the ASE output power 
will saturate for the same level of bias current density due to the ASE self gain 
saturation. For the device tested, the highest ASE output power observed is 9.2 dBm at 
bias current of 100 mA, and 15 dBm at bias current of 200 mA for the active waveguide 
length of 925 pm.
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Figure 6.2: Total ASE output power versus SLA device length at bias current density of 5 x 107 A/m2.
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6.2 SLA ASE spectrum
The ASE spectrum is measured by operating the SLA device at different bias currents 
and coupling the ASE output from the SLA facet into an optical spectrum analyser 
(OSA), in a configuration similar to the setup in Figure 5.13, with the tunable CW laser 
switched off.
400 um SLA 925 um SLA
-SO  * 1 * 1--- - -- 1 * 1 *---
1500 1520 1540 1560 1560 1600
Wavelength (nm) Wavelength (nm)
Figure 6.3: ASE spectra of a) a 400 pm long SLA at 4 different bias current (40, 80, 100, and 140 mA), 
and b) a 925 pm long SLA at 3 different bias current (60, 70, and 80 mA).
-20
-2 5 925 um
E
m  -3 0
E
2
% -35 
%
W  -4 0  <
400 um
-4 5
-5 0
1 6 0 01 5 2 0 154 0 1 56 0 1 5 8 01 5 0 0
Wavelength (nm)
Figure 6.4: Comparison between the spectrum of a 400 pm and a 925 pm long SLA at the same current
bias of 80 mA.
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Figure 6.3 shows the ASE spectra for a 400 pm and a 925 pm long SLA for several 
different bias currents. For the different lengths, increasing the bias current increases the 
carrier density in the respective device, hence obtaining a larger spontaneous emission 
rate, and a higher gain which causes the increase of the spectral power density. The 
increasing current also causes the spectrum peak to shift to shorter wavelengths as a 
results of the band filling effect.
Figure 6.4 depicts the comparison of the ASE spectra between a 400 pm and a 925 pm 
long SLA biased at 80 mA, corresponding to current density of 5 x 107 A/m2 and 
2.16 x 107 A/m2 respectively. A red shift of the ASE peak is observed for the long 
device. The comparison shows that the largest bandwidth is achieved in the shorter 
SLA, while the highest spectral density is obtained in the longer ones, basically due to 
the larger modal gain of the longer devices. Figure 6.5 shows the position of the ASE 
peak wavelength versus the device active region length for the same bias current density 
of 5 x 107 A/m2, it clearly illustrates a red shift with increasing device length as 
mentioned. The difference in the ASE peak gain shift is around 22 nm from the 250 pm 
to the 920 pm long device. It is also understood that the longer the gain medium, the 
smaller the SLA bandwidth, this can be clearly identified in the plot of the ASE 3 dB 
spectral bandwidth versus device active region length of Figure 6 .6 .
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Figure 6.5: Device ASE peak wavelength versus active region length at bias current density of
5 x 107 A/m2.
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Figure 6.6: The SLA 3 dB spectral bandwidth versus active region length.
From this study, it is clear that long devices are used to obtain high power output, while 
the short ones will provide larger bandwidth operation. Therefore a trade off between 
the spectral bandwidth and output power needs to be carefully chosen for application to 
re-amplification in DWDM systems.
6.3 SLA small signal gain
The SLA gain is measured using the configuration of Figure 5.13. The Small Signal 
Gain (SSG) is known as the highest achievable gain in an optical amplifier, as it is 
achieved with small input power signal. When the input signal into the amplifier is too 
strong, the gain of amplifier saturates. Figure 6.7 shows a measured gain curve versus 
output power for a 650 pm long SLA. For low input signal power we assume the device 
gain is equal to the SSG. The gain then starts to decrease when the input power is large 
enough to deplete the carrier density inside the SLA. The output power level where the 
gain of the device is reduced by 3 dB is known as the output saturation power (Psat-out)* 
and the corresponding input power is known as the input saturation power (Psat-in)- For 
the measurement the signal wavelength was set to match the SSG peak wavelength. The 
net SSG measured from the 650 pm SLA is ~ 28.5 dB at a bias current density of 
7.69 x 107 A/m2, and the 3 dB output saturation power is 7.9 dBm. Table 6.1 is a 
summary of several measured SSG values from devices of different length at their
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corresponding bias current density. If the devices were biased at the same current 
density, it is expected that the SSG will increase with increasing length, however 
beyond a certain length the SSG will start to saturates and no longer increase for longer 
devices. The ASE which causes a carrier density depletion in the SLA will be the main 
reason for the gain saturation over the length. Further increasing the device length after 
saturation results in it being equivalent to adding a transparent waveguide. The SSG 
also increases with bias current (density) and device length, where the SSG will 
saturates for high current densities which is being related to the level of average carrier 
density available in the active region.
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Figure 6.7: Measured (O ) and extrapolated (— ) gain versus output power for a 650 pm long SLA with a
bias current density o f 7.69 x 107 A/m2.
The Psat-out is generally the parameter which is used to indicate the upper limit of the 
linear SLA operation, and ideally it should be as large as possible. It is determined by a 
combination of material and device parameters such as the saturation energy, absorption 
coefficient, and confinement factor. For example the Psat-out increases with decreasing 
confinement factor, that is why in general MQW SLA would achieve larger output 
saturation powers compare to SLA using bulk material. Table 6.1 depicts Psat-out for 
different length devices biased at different current density. It can be realised from the 
measure data that the Psat-out increases with increasing length with increasing current 
(density). For example, at a low current density of 2.04 x 107 A/m2, the 920 pm long 
SLA showed a measured Psat-out of -6.3 dBm. Although this is low, it is expected to be
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higher compared to the value obtained at shorter length if the bias current density is 
increased.
SLA length 
(pm)
Bias current density 
(A/m2)
Net SSG 
(dB) 3 dB Pom-sat (dBm)
125 1.20 x 108 5.9 n/a
250 8.00 x 107 11.0 n/a
400 6.25 x 107 18.0 4.5
650 7.69 x 107 28.5 7.9
920 2.04 x 107 22.0 -6.3
Table 6.1: Small signal gain and 3 dB saturation output power of SLA at different length and bias current
density.
400 um SLA 920 um SLA
20
19
16
17
16
!  ,8 
i 14
13
12
11
10-16 0 S 10■10 -5 0 s-20 -15 •10 -6
Output Power (dBm) Output Power (dBm)
Figure 6.8: Gain versus output power for a a) 400 pm (current density of 6.25 x 107 A/m2), and b) 920 pm
(current density of 2.04 x 107 A/m2) long SLA.
The noise characteristic during the amplification process is another interesting 
parameter to look at. Noise added to the signal during the amplification process is a 
fundamental property for all amplifiers, this noise characteristics is quantified by a 
parameter known as the Noise Figure (NF). The NF is an important parameter in system 
involving more components, such as a cascaded of amplifiers. In an optical amplifier 
the NF is defined as the ratio of the input to the output Signal-to-Noise Ratio (SNR).
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Figure 6.9: Noise figure versus input power for a 400 pm SLA. The bias current density is equal to
6.25 x 107 A/m2.
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Figure 6.10: Noise figure versus input power for a 650 pm SLA, at three different bias current density.
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Figure 6.11: Noise figure versus input power for a 920 pm SLA, at three different bias current density.
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Figure 6.9 to Figure 6.11 shows the NF versus input power for three different SLA 
lengths: 400 pm, 650 pm, and 920 pm, at several different bias current densities. The 
NF for each device was calculated from their respective input and output 
Signal-to-Noise Ratio measured from an Optical Spectrum Analyzer. The NF of the 
short 400 pm SLA does not show any significant dependence on the input power. 
Whereas the NF of the longer SOA increases with increasing input power. Practically, 
the NF presented here is the measured fibre-to-fibre NF. The fibre to device coupling 
efficiency has a strong influence on the fibre-to-fibre NF. It is one of the main reason 
that cause the NF of SLAs to be larger than the NF of other optical amplifiers such as 
EDFAs.
6.4 SLA gain dynamics
In this section the SLA gain dynamics, i.e. the temporal evolution of the gain is 
discussed. The SLA gain dynamics are important in determining the performance and 
limitations of high speed optical signal processing utilizing SLA devices. In general, the 
gain nonlinearity is unfavourable for linear amplification because it can cause signal 
distortion and cross talk between the different transmission channels. However, if the 
amplifier gain dynamics are much slower than the signal variations, it does not 
significantly disturb the amplifier performance, as can be seen in the case of an EDFA. 
SLA are known to show very fast dynamics, and therefore the material design and 
operating conditions need to be considered carefully to avoid patterning effects and 
cross talk. Experimental results on pump-probe measurements using 2 ps pulses for 
different ranges of SLA operation conditions are presented here.
Figure 6.12 shows a typical pump-probe measurement curve for a 650 pm long SLA. 
The probe transmission is plotted versus pump-probe delay. A positive delay indicates 
that the pump precedes the probe pulse. As the probe transmission is proportional to the 
SLA gain, the figure also provides information regarding the SLA gain dynamic 
behaviour. Figure 6.12 also shows the definitions for the parameters used to analyse the 
SLA dynamics. The ratio of the unsaturated probe level to the minimum of the probe 
transmission is defined as the total gain compression. The total gain compression relates
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to the peak reduction of the probe transmission induced by the pump pulse. Whereas the 
slow gain compression is defined as the unsaturated probe level over the slow long 
lasting probe transmission level. In the case here, the highest probe transmission level at 
the end of the measurement range over the unsaturated probe level is assumed as the 
slow gain compression due to the measurement range limit of 1 ns. The slow gain 
compression is the compression that remains after the fast recovery component of the 
device, and it should be small if the SLA is intended for high bit rate operation to 
reduce patterning effects.
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Figure 6.12: Plot o f a typical probe transmission versus pump-probe delay measured on a 650 pm long 
SLA device at a current density of 3.46 x 107 A/m2. Pump pulse FWHM: 2 ps, input pump energy: 25 pJ, 
pulse centre wavelength: 1530 nm. Red dot (•) is the measured data, and solid line (— ) shows
exponential decay function fitted data.
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Figure 6.13: Probe transmission versus pump-probe delay measured for SLA length: 650 pm, 400 pm, 
and 125 pm, at different bias current density. Pump pulse FWHM: 2 ps, input pump energy: 25 pJ, pulse
centre wavelength: 1530 nm.
Figure 6.13 shows the pump-probe measurement for 650 pm and 400 pm SLA devices 
measured at different bias current density. It is observed that the gain recovery time 
reduces with increasing current. The pump-probe results were fitted to an exponential 
decay function, and a recovery time in the range from 1 ns to 30 ns was observed. 
Figure 6.14 shows the dependence of the total and of the slow gain compression on the 
SLA bias current density. The gain compression data is interpreted from the measured 
probe transmission voltage obtained from the lock-in amplifier as the probe power and 
the lock-in amplifier voltage are directly related, the gain compression presented is 
expressed in dB. From Figure 6.14, it can be observed that the total and the slow gain 
compressions increases with current density, mainly because of the corresponding 
increase in gain, and that the total gain compression is much more pronounced than the 
slow one.
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Figure 6.14: Measured total and slow gain compression versus different bias current density for SLA 
length: 650 Jim, 400 |im, and 125 Jim. Pump pulse FWHM: 2 ps, input pump energy: 25 pJ, pulse centre
wavelength: 1530 nm.
6.5 Saturable absorber pulse saturation
The transmission of a waveguide MQW SA is defined as the output power (Pout) over its 
respective input power (Pj„). The dependence of the transmission on the input power is 
non-linear due to the absorption saturation effect. For the short pulse saturation 
measurements, the transmission normalised to its small signal transmission is plotted 
versus the input pulse energy. Figure 6.15 shows a plot of the normalised transmission 
at different wavelengths versus input pulse energy for a 125 pm waveguide SA, the 
measurement was taken with 2 ps pulses using the configuration of Section 5.7.1. The 
measurement is taken at different wavelengths relative to the peak excitonic absorption 
wavelength of the material of ~ 1529 nm. It would be ideal to choose the measurement
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wavelength to bracket the peak excitonic absorption wavelength, but in this case it was 
not possible to tune to a shorter wavelength due to technical difficulties. Table 6.2 
shows the contrast ratio (R) and the pulse saturation energy (Es), as determined by 
fitting the measurement data to Equation E.22 (Appendix E). The contrast ratio is the 
ratio between the saturated transmission and the small signal, unsaturated transmission. 
The pulse saturation energy is defined as the energy resulting in a 50% absorption 
reduction in the MQW material.
It can be observed from Table 6.2 that the contrast ratio is highest at the peak excitonic 
absorption wavelength, and it decreases as the wavelength moves further away. The 
pulse saturation characteristic at different wavelengths for a 250 pm and a 400 pm long 
SA is presented in Figure 6.16 and Figure 6.17 respectively, and their corresponding 
fitted parameters are shown in Table 6.3 and Table 6.4 respectively. The wavelengths 
were chosen to bracket the wavelength of the peak excitonic absorption as a 
comparison. The results clearly show us that the non-linearity of the device is highest at 
the excitonic absorption wavelength. The experimental results do not show a specific 
trend of the contrast ratio increasing with device length, the highest contrast ratio was 
achieved with a 250 pm long SA and this could suggest that it may be the optimum SA 
length. However, this could also be due to the non-uniformity of the wafer.
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Figure 6.15: Pulse saturation characteristic for MW390 SA devices 125 pm in length, measured at 
different wavelength. The red dots (•) are measured data and the lines (— ) are fitted curves.
Wavelength (nm) R Es (pJ)
1529 1.97 2.97
1535 1.72 5.20
1540 1.44 4.30
Table 6.2: MW390 125 pm SA device: parameters for pulse saturation obtained by curve fitting to
measured results.
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Figure 6.16: Pulse saturation characteristic for MW390 SA devices 250 jam in length, measured at 
different wavelength. The red dots (•) are measured data and the lines (— ) are fitted curves.
Wavelength (nm) R Es (pJ)
1525 2.07 13.7
1530 2.42 10.0
1541 1.11 2.1
Table 6.3: MW390 250 jam SA device: parameters for pulse saturation obtained by curve fitting to
measured results.
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Figure 6.17: Pulse saturation characteristic for MW390 SA devices 400 pm in length, measured at 
different wavelength. The red dots (•) are measured data and the lines (— ) are fitted curves.
Wavelength (nm) R Es (pJ)
1526 1.60 3.22
1530 1.75 14.78
1535 1.29 6.81
Table 6.4: MW390 400 |im SA device: parameters for pulse saturation obtained by curve fitting to
measured results.
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During the initial stage of characterising the SA, pulse saturation measurement were 
taken at various different wavelengths in order to determine the excitonic absorption 
wavelength. In order to verify that the excitonic absorption wavelength is at ~ 1529 nm, 
normal incidence PIN photodiodes were fabricated in order to measure this 
photocurrent spectra. This was done by sweeping the wavelength of a CW tunable laser 
source, and measuring the corresponding photocurrent generated from the PIN 
photodiode. The light from the laser source was first collimated using free space optics 
and then focused onto the PIN photodiode window. Figure 6.18 shows the measured 
photocurrent spectra, and Figure 6.19 shows the corresponding absorption coefficient 
curve calculated from the photocurrent. It shows clearly that the peak excitonic 
absorption wavelength of the material is at ~ 1529 nm with an absolute absorption 
coefficient value of around 4300 cm'1, and with increasing reverse bias voltage ( V r )  the 
spectrum peak shows a shift to longer wavelength and lower values due to a reduction 
of electrons and holes in the quantum wells. A red shift of the excitonic absorption 
wavelength can also be observed with increasing temperature. Figure 6.20 shows how 
the contrast ratio increases with temperature for a 250 pm long SA. The pulse saturation 
wavelength was set at 1540 nm, far from the typical excitonic absorption wavelength of 
1529 nm at room temperature. With the increase of the device temperature, the 
excitonic wavelength is seen to shift to longer wavelength, hence a higher contrast ratio 
can now be observed at 1540 nm.
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Figure 6.18: MW390 normal incidence PIN photodiode photocurrent spectra.
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Figure 6.20: Contrast ratio versus temperature for a 250 pm long SA. Pump pulse FWHM: 2 ps, input 
pump energy range: 1 pJ to 25 pJ, pulse centre wavelength: 1540 nm.
6.6 SA recovery time
The SA absorption recovery time was measured using the counter-propagating pump- 
probe arrangement for devices fabricated from the MW390 wafer. The maximum SA 
device length characterised was 400 pm, as measurement for longer devices was not 
possible due to the low signal input power and the high loss of the longer devices. The
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pump-probe configuration utilising pulses for both the pump and the probe signal as 
described in Section 5.6.3.2 was used to characterise SAs of length 125 pm and 
400 pm. Figure 6.21 shows time resolved measurements of the probe transmission for 
125 pm and 400 pm long SAs made at 1529 nm, with pump and probe pulse energies of 
9.6 pJ and 60 fJ respectively. A fast and a slow component can be observed from the 
pump-probe curve, hence the measurement was fitted to a 2nd order exponential decay 
function. For the 125 pm SA, ~ 150 ps and ~ 4 ns decay time constants were obtained 
for the fast and slow component, respectively. For the 400 pm SA, ~ 60 ps was 
observed for the fast component, and ~ 7 ns for the slow component. Figure 6.22 shows 
the time resolved saturation with low reverse bias voltages for a 125 pm SA device. The 
signal transmission is reduced with increasing reverse bias voltage ( V r ) ,  and the fast 
component becomes faster and more significant as V r  is applied. This is observed in the 
case of carrier sweep-out, where the barriers of the MQW is reduced by the applied 
reverse bias voltage such that the photocarriers from the quantum wells are able to 
quickly escape to be swept away in the reverse bias field.
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Figure 6.21: Probe transmission versus time delay for a 125 pm and 400 pm SA from wafer MW390. 
Pump-probe measurement taken at 1529 nm, with a pump and probe pulse energies of 9.6 pJ and 60 fJ 
respectively. The lines are exponential decay curves fitted to the measured characteristics.
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Figure 6.22: Probe transmission versus time delay with low reverse bias voltages for a 125 pm SA device
from wafer MW390.
Loss occurring in a fibre optic system is inevitable due to the insertion loss of various 
optical components and connectors. This loss typically increases with component count 
and will deteriorate the overall performance of the system. The loss in each optical 
component of the measurement setup should stay constant, and this could be easily 
accounted for by measuring the component loss individually in each experiment. 
However, the fibre to the waveguide SLA and SA coupling loss varies between 
different devices as this is affected by the uncertainty in the angle at which the devices 
are mounted and aligned. Although the device mounts have been designed to self-align 
to the fibres as described in Section 5.4, the vertical and horizontal angle of the devices 
on each sub-mount varies from device to device as they are manually hand mounted, 
and this is very difficult to compensate for due to the limit of the micro-positioner.
The value of the coupling loss is important in order to evaluate the true parameters of 
the SLA and SA. The fibre to device coupling loss for different devices was observed to 
take typical values between 3 dB to 6 dB per facet. Figure 6.23 shows the loss versus 
device length for a passive SA waveguide fabricated from wafer MW390. The
6.7 Coupling loss
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measurement was taken using the 2 ps FWHM pulse source at wavelength 1530 nm. In 
order to obtain an average, the measurement was repeated for a device of the same 
length by removing the device sub-mount after each measurement, re-mounting, re­
aligning and re-measuring the results. The device loss versus length plot is then fitted to 
a linear line, the waveguide per unit loss is estimated to be 0.0166 dB/pm and the fibre 
to device coupling loss is 5.46 dB/facet. Figure 6.24 shows the small signal loss versus 
device length result for the same wafer material, the measurement taken using a CW 
laser source at 1530 nm. The value of the waveguide loss extracted was 0.0166 dB/pm 
and the coupling loss was ~ 6.5 dB/facet, comparable to the values obtained from the 
pulse measurement.
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Figure 6.23: Loss versus device length for a passive SA waveguide fabricated from wafer MW390. 
Measurement taken using FWHM 2 ps pulse source at pulse centre wavelength of 1530 nm.
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Figure 6.24: Loss versus device length for a passive SA waveguide fabricated from wafer MW390. 
Measurement taken with CW laser source, wavelength at 1530 nm.
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6.8 Electrical isolation of PIN devices
PIN photodiode devices were fabricated by ion implantation as described in 
Section 4.14. The wafer used for the experiment was MR1654, and its epitaxial layer 
structure is illustrated in Section 4.4. The intrinsic region incorporates an InGaAsP 
MQW structure exhibiting a photoluminescence peak at a wavelength of ~1535 nm. For 
the ion implantation mask, ~7 pm of positive Shipley SJR5740 thick photoresist was 
used; the calculated stopping range for Fe+ at the higher implantation energy of 4 MeV 
is ~5 pm, giving a safety range of 2 pm with the selected mask thickness. The samples 
were implanted with Fe+ ions at 1.5 MeV and 4 MeV energies and dose of 5 x 1014cm'2. 
The samples were divided into two groups (B1 and B2) for implantation as depicted in 
Table 6.5, implanted at 77 K and at room temperature (RT). Multiple implant energy 
was required to ensure uniform damage distribution through the thick (> 1.5 pm) 
multilayer structure. Ion energies of 1.5 MeV and 4 MeV were selected to provide 
peaks of damage in the p- and n-type regions, respectively.
Sample A Unimplanted sample (not mesa etched). The devices on the sample 
are not electrically isolated from each other.
Sample B l Device from sample A after implantation at 77K.
Sample B2 Device from sample A after implantation at RT.
Sample C Device fabricated using standard mesa etching (no implantation).
Table 6.5: MR1654 sample description for Figure 6.25.
Figure 6.25 shows typical reverse I-V characteristics measured at room temperature for 
the pin devices before and after implantation. Unimplanted devices (sample A) showed 
reverse leakage current of ~ 305 pA at - 0.5 V. After implantation, the leakage current 
was reduced to -90 nA for samples implanted at 77K and RT (samples Bl, B2 
respectively). Upon thermal annealing at 450°C for the first 30 s, the leakage current 
dropped to ~ 19 nA at - 0.5 V for both samples Bl and B2. Additional annealing for 
30 s did not significantly alter the leakage current. There were also no significant
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differences in the leakage current between samples implanted at RT and 77K. The - 2 V 
leakage for a 77K implanted device was measured -1 9 0  nA, whereas for a mesa etched 
sample (sample C) it was 6 nA, which is about an order of magnitude lower than the 
implanted devices.
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Figure 6.25: Reverse I-V characteristic for MR1654 wafer sample implanted with Fe+ at 1.5 and 4 MeV.
The I-V characteristics measured between two top contact pads of separated devices 
were also evaluated. Before implantation, the leakage current was -  4 mA at 1 V bias. 
After implantation, it showed a reduction to -  264 nA and -  45 nA at IV  before and 
after annealing respectively.
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Figure 6.26: Forward top contact pad-pad IV characteristic for MR 1654 samples implanted at 77K.
Implantation temperature RT 77K
Device before implantation 5.66 nF
After Fe+ implantation 85 pF 66 pF
After RTA 450°C, 30s 78 pF 75 pF
After RTA 450°C, 60s 75 pF 73 pF
Mesa etched devices 7 7 -7 9  pF
Table 6.6: Comparison of devices zero-bias junction capacitance.
Table 6.6 shows that implant isolation has been successful in reducing capacitance to a 
level comparable to that of a mesa etched device. The photocurrent measurements on 
both mesa and implantation isolated devices also showed a similar excitonic peak at 
1538 nm wavelength. However, the photocurrent value for the implanted PIN was 
slightly higher than the mesa etched PIN for all mesa etched and implanted samples 
measured. The reason for this is uncertain and will be further investigated, the biased 
photocurrent spectrum would also be of interest.
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Figure 6.27: Photocurrent measured for MR 1654, comparison between implant isolated and mesa etched
fabricated devices.
Although, the leakage current obtained from this experiment is not low enough for the 
fabrication of fast low-noise photodetectors, the results presented have shown that the 
Fe+ implantation is successful in isolating a complex epitaxial structure with different 
material types and dopings, resulting in an all planar vertical device with leakage 
current low enough for modulator applications and capacitance as low as mesa 
structures.
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Summary and conclusions
This thesis describes the development of three devices. First and most important, the 
work presented focuses on the fabrication and experimental characterisation of 
semiconductor laser amplifiers (SLAs) and semiconductor saturable absorbers (SAs). In 
particular ridge waveguide multiple quantum well (MQW) InGaAsP/InGaAsP SLAs 
and SAs for the 1550 nm wavelength range have been investigated. The work in this 
section concerns the future development of a 2R regenerator consisting of an SLA 
integrated with a SA using ion implantation in order to reduce the response time of the 
device -  a semiconductor laser amplifier implanted saturable absorber (SLA/ISA). The 
main motivation behind this work is the growing importance of fibre optic 
communications, together with the growing demand for higher transmission bandwidth 
and recent interests in the area of 2R and 3R all optical regeneration. The presented 
results mostly refer to basic SLA and SA characteristics and will be useful to allow 
individual further optimisation in device design and operating conditions of the 
SLA/ISA.
The remaining work concerned the fabrication and characterisation of 
InGaAsP/InGaAsP MQW PIN photodiodes, where ion implantation was applied as a 
novel fabrication technique for inter-device electrical isolation. Ion implantation was 
applied to normal incidence PIN photodiodes, and electrical and optical characterisation 
of these devices was carried out to enable comparison with PIN photodiodes fabricated 
using conventional wet etching techniques.
An overview of high capacity communication systems and the issue of resolving 
bandwidth bottle-necks, which includes introduction to the wavelength division 
multiplex (WDM) and dense wavelength division multiplex (DWDM) systems was
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given in Chapter 2. This was followed with discussion of typical transmission 
impairments due to fibre loss, dispersion, non-linearities and accumulation of noise. An 
overview of different 2R and 3R regeneration scheme was also given. The 2R 
regeneration scheme provides functions of re-amplification and re-shaping of the optical 
signal, whilst 3R regeneration additionally provides re-timing.
Semiconductor laser amplifiers, with the inherent advantages of compactness and 
integrability with other optical component could be used for periodic amplification of 
optical signals as an alternative to the erbium doped fibre amplifier (EDFA). 
Semiconductor saturable absorbers can be used as non-linear optical gates in optical 
regenerators for re-shaping of the signal, they can suppress low-power noise and are 
particularly attractive because they are completely passive, not requiring any power 
supply or additional control light source. The non-linear intensity-dependent function of 
a semiconductor SA is based on material absorption saturation due to band filling. The 
recombination time of the photo excited free carriers is typically of the order of 
nanoseconds, determined by the material parameters. One method to reduce the 
recovery time for device operation at high bit-rates is by ion implantation. Chapter 3 
covered the basic operating principle and design of the SLA and the SA devices.
Chapter 4 presented the SLA/ISA and the PIN photodiode fabrication steps in detail. 
Issues encountered such as definition of smooth ridge waveguide, metal lift-off, two 
section device isolation schemes by etching, ion implantation capping scheme, and 
difficulty in implanted resist removal were discussed.
All the devices fabricated were tested for their electrical and optical characteristics; this 
is discussed in Chapter 5. The main issue was the coupling of light signals in to and out 
from the active region of the ridge waveguide devices (SLAs and SAs). Special device 
mounts and holders with temperature control functions were made, and the stage for the 
alignment of the waveguide devices was put together. The devices were individually 
cleaved, mounted, bonded and tested. For characterisation of the SLAs and SAs, an 
interchangeable experimental system was constructed, based on the same alignment 
configuration. First, the SLA current-power characteristic was measured, then its
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amplified spontaneous emission (ASE) spectrum, gain, and noise characteristics were 
measured. For the SAs, the device saturation characteristic and the passive waveguide 
losses were investigated. For the measurement of the SLA and SA recovery time, a 
standard pump-probe technique was used. The pump-probe system designed uses a 
counter-propagating pump and probe signal configuration, and was constructed by 
modifying a former system used for characterising normal incidence devices. The 
system uses 2 ps FWHM, 4 MHz repetition rate pulses generated from a figure-of-eight 
mode-locked laser.
7.1 Summary of key results
The main original results achieved in this work as presented in Chapter 6 can be 
summarised in the following paragraphs.
The role of the active waveguide length on the ASE, gain, and noise figure of the SLA 
is explained. These parameters are among the most important in SLA operations and are 
fundamental to determine the quality of a device. The dependency of the ASE power 
and ASE spectrum on the SLA length is discussed, and it is shown that the highest 
spectral density and power are achieved with long SLAs, because of the ASE self gain 
saturation together with thermal effects. The largest 3 dB SLA bandwidth is achieved 
with the short devices, indicating that a trade off between power and bandwidth must be 
considered.
The SLA small signal gain increases with the device length, however, the ASE 
saturation limits the maximum achievable gain. The small signal gain dependence on 
the bias current shows a saturation at high bias current, and this can be easily observed 
in the short devices. Although a tilted waveguide design was used, it was still 
insufficient without facet coating to suppress the cavity resonance; lasing was observed 
for some devices at high pump current, therefore they were characterised below the 
threshold current. In addition, the presence of a cavity induces ripples at high pump 
current on the wavelength dependent gain curve. This will distort the amplification of a 
broad bandwidth signal. It was decided at first not to apply anti-reflection coating to the
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device facet due to the difficulty in performing and calibrating the process, which 
makes it a time consuming process and the fact that it is expensive. However, for better 
device performance, anti-reflection coating on at least one facet is highly recommended.
Table 7.1 summarizes the key parameters from several commercially available SLAs as 
a comparison to the results reported in this work. The best results in this work were 
obtain from the 650 pm SLA, and are summarized in the table. The SLA should have 
the highest gain appropriate to the required application and a wide optical gain 
bandwidth is desirable so that the SLA can amplify a wide range of signal wavelengths. 
The maximum gain is sensitive to facet reflectivity, all the SLAs tested in the present 
work were non-AR-coated, whereas the commercial devices are typically AR-coated. 
The fibre-to-fibre gain achieved in the present work, which is obtained by manual 
alignment and coupling using lensed fibres is comparable to the commercial devices 
which are packaged. The reported fibre coupling loss is about 5 - 7  dB/facet, and if this 
can be further minimised by optimising the device design and coupling configuration, a 
much superior gain performance can be obtained. In general, MQW SLAs provide 
wider gain bandwidth than bulk SLAs. The 3 dB bandwidth is typically about 45 nm for 
bulk SLAs and it can exceed 60 nm for well designed MQW SLAs.
Device Kamelian InPhenix CIP This work
References HI [2] [3] Chapter 6
Device configuration/coupling Pigtailpackaged
Pigtail
packaged
Pigtail
packaged
Lensed fibre 
coupled
Device material type MQW Bulk MQW MQW
Device length (pm) - - - 650
Parameter
Bias current (mA) 200 250 500 200
Wavelength (nm) 1550 1550 1550 1550
3 dB bandwidth (nm) 64 45 - 30
Fibre to fibre gain (dB) 22.05 20 16 18.5
Saturation output power (dBm) 10.25 10 14 7.9
Noise Figure,,*, (dB) 6.31 9.0 7.5 10.5
Table 7.1: Comparison of SLAs parameters achieved in this work to commercially available devices.
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Another parameter of practical interest is the saturation output power. Gain saturation 
effects introduce undesirable distortion to the output, so an ideal SLA should have very 
high saturation output power to achieve good linearity and to maximize its dynamic 
range with minimum distortion. The measured saturation output power is 7.9 dBm. 
Although it could be improved, it is comparable to the devices from Kamelian and 
InPhenix. For optical communication systems, SLA should have a noise figure as low 
as possible. The theoretical lower noise figure limit for the SLA is about 3 dB, which is 
also the same as an EDFA. However, in practise an SLA exhibits a higher noise level 
due to its intrinsic internal loss and the lower coupling efficiency on its input side. The 
noise figure can also be dependent on the operating wavelength, the bias current, and 
the input signal power. Typically for most SLAs, it is in the range of 6 -  11 dB. The 
noise figure for the devices presented in this work could be improved to lower than 
10.5 dB with improved coupling efficiency. The characteristics achieved by the SLA 
devices are as expected for the structural and material design chosen. The devices have 
shown performance that are comparable to the commercial devices, and can be used as 
an in-line amplifier in optical system. However, for high bit-rate operation in 
regeneration systems, the gain dynamics need to be improved.
The SLA gain dynamics induced by 2 ps optical pulses were investigated under 
different device operation conditions. The time evolution of the gain provides very 
important information on the feasibility and limitations of SLAs operation at high bit- 
rates. It was observed that the gain recovery time reduces with increasing current, and 
recovery time in the range from 1 ns to 30 ns was observed.
The non-linearity of the SA was determined by pulse saturation measurement. The SA 
material peak excitonic absorption wavelength was determined as the highest non- 
linearity was observed for different length SA at that corresponding wavelength, and a 
photocurrent spectrum measurement was carried out to confirm the results. The peak 
excitonic absorption wavelength is around 1529 nm, and the highest contrast ratio 
obtained was 2.4 dB for a device length of 250 pm. This value was obtained by fitting 
the device pulse saturation characteristic and extracting the data. There was no apparent 
trend to the contrast ratio against device length, increase in SA length (increased signal
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interaction) did not clearly show an increase in the contrast ratio, which might be 
affected by the increased length losses or due to the non-uniformity in wafer growth. 
Application of reverse bias to the SA or an increase in device temperature moves the 
excitonic absorption wavelength to longer wavelength. The SA recovery time 
measurement was carried out on devices up to 400 pm length, as measurement for 
longer devices was not possible due to the low signal input power from the pulse source 
and the high losses from the longer devices. Recovery time observed for unimplanted 
SAs is in the range from a few hundred picoseconds up to about 7 ns; the difference is 
contributed by the wafer non-uniformity. For high bit-rate regeneration applications, a 
suitably ion implanted SA should exhibit a recovery time of < 6 ps or down to the 
femtosecond range, and ideally with a contrast ratio of at least 4 dB. As a comparison, 
previous ion implanted SA results obtained at UCL by Pantouvaki et a l  [4] gave SA 
recovery time of < 2 ps and a contrast ratio of at least 7 dB. The ion implanted SA 
incorporated InGaAsP MQWs and were normal incidence Fabry-Perot devices 
operating in the reflective mode using a Distributed-Bragg-Reflector (DBR) stack in 
order to achieve the intended contrast ratio.
The SA results presented have only been for unimplanted SA, hence a long recovery 
time is observed. No results were presented for individual ion implanted SA devices due 
to the difficulty encountered in the coupling scheme. The ion implanted SA were highly 
lossy, and the input pulse power from the pump-probe system were very weak, hence no 
signal were able to be detected at the output. The coupling to the unimplanted SA was 
made much easier by having electrical contacts to the device. Thus, by applying bias to 
it, it operated as an SLA emitting ASE hence allowing for fibre alignment. However it 
is a very different case for an ion implanted SA as the ion implantation have made the 
material highly resistive, and there are adhesive issue for metal contact on ion implanted 
material which makes it difficult to evaporate a good electrical contact on the devices 
for current bias. To add to the challenge, characterisation of the waveguide SA requires 
that light be coupled in and out from the waveguide, with 10 dimension {x-y-z, tilt and 
rotate on both side) possibility for error, with the ion implanted material highly lossy, 
and a very small coupling cross-sectional mode area on the MQW material. A method 
has been devised for the alignment of passive waveguide; this relies on the high
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polarisation dependency characteristic of the MQW waveguide, this is however still a 
very time consuming procedure with the small active waveguide cross sections and the 
high positioning accuracy required. In order to characterise the ion implanted SA, the 
issue of weak input pump-probe signal needs to be addressed.
An ion implanted saturable absorber integrated with semiconductor laser amplifier was 
also fabricated in order to study the possibility of investigating the characteristic of the 
ion implanted SA since an integrated SLA section could make the fibre alignment 
easier. The SLA section was 700 pm long, and the SA section was 240 pm long 
implanted with 4 MeV of nitrogen ion at a dose of 1 x 10*12 cm'2. However the results 
obtained were inconclusive and are not presented in this thesis. ASE measurement of 
the SLA/ISA device showed very high optical loss in the implanted section. The pump- 
probe measurement of the device was not investigated given the complexity and 
uncertainty, and the possibility of the pump pulses saturating the gain of the SLA 
section. Given the small non-linearity observed in the SA devices characterised, gain 
saturation in the SLA section may well be much more significant. Taken in to 
consideration, the counter-propagating pump-probe measurement is also not feasible in 
the asymmetric device -  i.e. a device in which the pump pulses will go through the SO A 
first and the probe pulses will go through the SA first or vice versa. Hence an individual 
ion implanted SA needs to be fabricated in order to study its characteristic accurately.
Loss occurring in a fibre optic system is inevitable due to the insertion loss of various 
optical components. To ensure that the device measurements are accurate, system 
component losses have been taken into consideration and the fibre to device coupling 
loss was evaluated to be between 3 dB to 6 dB per facet depending on the device, due to 
the uncertainty in the angle at which the devices are mounted and aligned.
Finally, the results for PIN photodiodes fabricated by implant isolation were presented. 
Ion implantation has become established as a technique for selectively changing the 
resistivity of semiconductors. The advantages of implantation when used for inter­
device electrical isolation over selective or dry etching is that it maintains the planarity 
of the wafer surface and therefore is of interest for device integration. Electrical
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isolation was achieved using multiple energy Fe+ implantation and post-implant 
annealing. The electrical performance of these devices before and after implantation and 
post-implantation annealing was evaluated in terms of leakage current.
For the Fe+ implanted diode with a diameter of 350 pm, a leakage current of 190 nA 
was obtained at reverse bias of 2 V after thermal annealing. Mesa etched diodes 
fabricated from the same wafer performed better, with leakage about an order of 
magnitude lower, this is however as predicted. Commercially available photodiodes 
would offer leakage in the range of tens of pA to hundreds of pA, however this is not a 
fair comparison as the performance of the devices is highly dependant on the size of the 
device, its structure thickness, material and processing method. Haussler et al. [5] 
reported Si and Be ion-implanted planar PIN diodes in InP/InGaAs layers to dope the n- 
and p-substrate respectively, and a leakage current of 42 nA was obtained after thermal 
annealing for a 50 pm diameter diode at a reverse voltage of 10 V. Liu et a l [6] 
fabricated a normal incident air-bridged detector for high frequency application using 
InGaAsP/InGaAsP MQW layer structure, by deep wet mesa etching. The diameter of 
this unpassivated mesa structure was 35 pm, giving a leakage current of < 10 nA at a 
reverse bias of 5 V. Although the leakage current obtained was not as low as 
commercial devices, which are invariably passivated to improve their long-term 
reliability, it was sufficiently low for its intended application as an asymmetric Fabry- 
Perot modulator for passive picocell applications.
PIN device leakage current in general depends on the diode mesa area, and the electric 
field strength in the depletion region, which in turn is a function of the depletion 
thickness for a given reverse bias voltage. Hence, for the same diameter, our device 
performance would be comparable to other laboratory reported results which were 
fabricated using other methods, and an improved device performance can be achieved 
with further design and process optimisation, as this was the first time electrical 
isolation of InGaAsP/InGaAsP MQW epilayer structure was investigated by us.
Although, the leakage current obtained for our Fe+ implant isolated devices was not low 
enough for the fabrication of fast low-noise photodetectors, the results presented have
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shown that the Fe+ implantation had successful isolated a complex epitaxial structure 
with different material types and doping concentrations. The results also successfully 
showed that the capacitance achieved on the implant isolated device ( -7 5  pF) was as 
low as that obtained from the wet chemically etched mesa structures. To the author’s 
knowledge, this is the first time that such implant isolation using Fe+ has been 
demonstrated to produce low leakage planar PIN structures directly from epitaxial 
material. This planar device processing technique can prove valuable in future photonic 
integration technology.
7.2 Conclusions and future improvements
This thesis has discussed the use of ion implantation for two purposes, 1) to reduce SA 
recovery time, and 2) for the electrical isolation of devices. Although not yet 
demonstrating a fully functional SLA/ISA with fast recovery for use as a 2R regenerator 
in an all-optical system offering channel rates > 40 Gb/s and higher, it offers a tool 
towards the determination of the best device and material design parameters to achieve 
the desired functionality for the SLA/ISA. Optical 2R regeneration is of high interest in 
long-haul transmission since implementation of an SA increases the system’s robustness 
to optical signal-to-noise ratio degradation without any extra power consumption. Key 
future device improvements are the improvement in the SLA gain characteristic and 
polarisation dependency, as well as reducing the insertion loss along with increased 
contrast ratio for an implanted SA with short recovery time. This could be achieved by 
carefully changing the semiconductor material in order to choose the optimised 
condition for both SLA and SA. The optimisation of the SLA and implanted SA length 
has still to be investigated, and a tapered waveguide design could be considered to 
improve the device to fibre coupling efficiency. The complexity of the SLA which 
includes its non-linear effects still needs to be carefully considered for the operation of 
an integrated device. At the device level, many efforts have still to be done to optimise 
the processes to increase the yield in the ion implantation process.
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Appendix A: 
SLA/ISA fabrication process
Step-by-step illustration of the SLA/ISA fabrication process.
resist
Cross sectional view
Wafer
Mask U V
ridge\ 4um Etched trench
Z r
SiO
©
©
©
©
©
j j j M  MUVJ J  1 |
resist
3um
•Identify wafer directions 
•Dice to suitable size 
•Clean sample
Photolithography
•Spin coat photoresist
•Mask alignment and UV exposure
Develop resist
•Define photoresist pattern in developer 
•Rinse in DI water, then hardbake
Etch ridge trenches
•Selective removal of InGaAs, and InP 
•Remove photoresist
Deposition of dielectric 
•PECVD Si02 (300 nm)
©
©
Photolithography
•Spin coat negative photoresist
•Mask alignment and UV exposure
Develop Resist
•Define photoresist in developer 
•Rinse in DI water, then hardbake
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Au/Zn/Au
Open window and ridge metallisation 
•Etch Si02 in HF to define contact window 
•Deposit Au,Zn,Au {7nm/15nm/300nm} 
•Lift-off excess metal using Acetone
I-V
i. 1 1 1 1 uv
T T 1
1 1 .
Cr/Au
-L _TLr
I-V
Au
©
Test Contact
•Test bond pands I-V characteristic on probe 
station
Evaporate Contact for Electroplating
•Deposit 30nm-50nm of Au
•Thinkness should be about ratio of 10,000:1 
compare to required plated thinkness
Resist definition and contact metallisation 
•Define p-contact pad area in developer 
•Deposit Cr.Au {20nmn/300nm}
Test Contact
•Measure I-V characteristic on probe 
station
Photolithography
•Coat positive photoresist
•Mask alignment and UV exposure
•Lift-off resist using Acetone
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Thick olated Au
Photolithography
•Spin coat thick photoresist
•Mask alignment and exposure to UV
Electroplating
•Define photoresist pattern in 
developer
•Electroplate Au upto required 
thickness for implant masking
Remove photoresist
Etch off thin gold contact layer in 
KI (Potassium Iodide)
i  1 1 i Iont  t  t  t implantation
1
1
Side view r i f @
• Ion implantation of SA section
SLA :
•
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Sample Thinning
• Methanol/Bromine bubble etch, or
• Mechanical polishing using 
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AuGe/Au
Deposit n-contact
• Evaporate AuGe.Au 
{20nm/300nm}
D e v i c e  c l e a v i n g
F a c e t  c o a t i n g s
Mirror facet cleaving
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• Deposit Si3N4 on mirror facet
166
Appendix B: 
SLA/ISA masks
Mask 1: Ridge waveguide definition
This mask is used for defining 
the pattern for ridge definition 
(trench etching). Ridge with 3 
different angle are included in 
the design, straight ridge, 7° and 
10° with respect to the facet 
normal. Ridge width of 4pm, 
5pm, and 6pm are also included 
for all angle type ridges.
Mask 2: SLA/ISA isolation gap etch
This mask defines the 10 um gap 
to etched in order for electrical 
isolation between the SLA and 
ISA device. Alternative Mask 7.
Mask 3: SLA ridge window definition
This mask defines the window 
on the SLA ridge to etch away 
the dielectric layer and for lift­
off of the 1st layer p-contact 
metal. The design are included 
for all 3 different angle ridge 
(straight ridge, 7° and 10°), and 
window size of 3pm, 4pm, and 
5pm to match the respective 
ridge width of 4pm, 5pm, and 
6pm.
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Mask 4: SLA p-contact pad
dFb
This mask defines the area for p- 
contact pad metallization, and is 
also used to define the area for 
electroplating. Alternative is 
Mask 8.
Mask 5: SA area contact/masking pad
This is used to define the SA 
section for bond pad 
metallization. If the SA section is 
required to be short, Mask 9 is 
used.
Mask 6: SA ridge window definition
This mask defines the window 
on the SA ridge to etch away the 
dielectric layer and used for 
contact metallization (if the SA 
requires biasing). The design are 
included for all 3 different angle 
ridge (straight ridge, 7° and 10°), 
and window size of 3pm, 4pm, 
and 5pm to match the respective 
ridge width of 4pm, 5pm, and 
6pm.
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Mask 7: Isolation gap (type 2)
This mask defines the 10 Jim 
isolation gap for electrical 
isolation between the SLA and 
ISA device. This is an alternative 
mask to Mask 2, designed to be 
used with Mask 8 & Mask 9, if 
the SA section required to be 
biased, and cleave to short length 
(< 50 pm).
This mask defines the p-contact 
bond pads for the SLA section. 
Part of the rectangular pad is cut­
out in order to incorporate an 
area for the SA contact pad for 
bonding/probing. This is because 
if the SA is to be cleaved to 
< 50 pm, there is insufficient 
space for bonding using Mask 4.
This defines the SA section 
bond-pads, used if the SA 
requires biasing.
Mask 8: SLA contact pad (type 2)
Mask 9: SA contact pad (type 2)
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Mask 10: Full length ridge open window
This mask defines the full length 
window for the whole ridge 
(Mask 1), for opening a window 
on the dielectric layer and for 
ridge contact metallization. It can 
be used to fabricate either a long 
ridge waveguide SLA, or SA. 
The design are included for all 3 
different angle ridge (straight 
ridge, 7° and 10°), and window 
size of 3 pm, 4pm, and 5pm to 
match the respective ridge width 
of 4pm, 5pm, and 6pm.
Mask 11: Full length SLA or SA contact pad
This mask is for definition of the 
broad area bond pads for a long 
device (SLA or SA). Used with 
Mask 10.
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MQW PIN device processing
Clean sample
Rinse in trich (don't allow sample to dry when removing)
Rinse in acetone (don't allow sample to dry when removing) 
Rinse in methanol, blow dry with N2
O
Place in oven at 120 C for 20 mins to drive off solvents 
Remove from oven and allow to cool for 5 mins
Photolithography
Coat with S1818 resist at 5000 rpm for 60 seconds
O
Soft bake on hot plate at 100 C for 60 seconds 
Remove from hot plate and allow to cool for 5 mins 
Clean contact mask
Align with contact mask parallel to cleaved edge
Expose to UV for 4 seconds
Develop in MF351:H20 (1:2) for 35 seconds
Rinse in H20 , Blow dry with N2
Check pattern under microscope
Evaporate P contact
Mount sample on glass plate using vacuum grease 
Load into evaporator
-6
Allow to pump down until the vacuum is better than 4x10 mbar 
Deposit 20nm of Cr at 0.2nm/s 
Deposit 200nm of Au at 2nm/s 
Remove sample from evaporator
Lift off
Place in acetone to remove resist and excess metal 
Blow dry in N2
O
Place in oven at 120 C for 20mins to drive off solvents 
Remove from oven and allow to cool for 5 mins
Evaporate bottom (N) contact
Mount sample on glass plate using vacuum grease 
Load into evaporator
Allow to pump down until the vacuum is better than 4x10 mbar 
Deposit 20 nm of Ge/Au at 0.2 nm/s 
Deposit 200 nm of Au at 2 nm/s 
Remove sample from evaporator
Clean sample
Rinse in trich (don't allow sample to dry when removing)
Rinse in acetone (don't allow sample to dry when removing) 
Rinse in methanol, blow dry with N2
O
Place in oven at 120 C for 20 mins to drive off solvents 
Remove from oven and allow to cool for 5 mins
C ross sectional view
Wafer
Photoresist
Wafer
GeAu/Au n-contact
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Alloy contacts
O
Allow furnace temperature to reach 445 C
Place sample on spade in alloying furnace (N side down)
Leave in N2 at 400-440°C for 2 mins
Remove from furnace and allow sample to cool for 5 mins
Clean sample
Rinse in trich (don't allow sample to dry when removing) 
Rinse in acetone (don't allow sample to dry when removing) 
Rinse in methanol, blow dry with N2
O
Place in oven at 120 C for 20 mins to drive off solvents 
Remove from oven and allow to cool for 5 mins
Photolithography
Coat with S 1818 resist at 5000 rpm for 60 seconds
O
Soft bake on hotplate at 100 C for 60 seconds
Remove from hot plate and allow to cool for 5 mins
Clean mesa mask
Align with mesa mask
Expose to UV for 4 seconds
Develop in MFSSLH^O (1:2) for 35 seconds
Rinse in HjO, blow dry in N2
Post bake at 100 °C for 90 seconds
Remove from hotplate and allow to cool for 5 mins
Mesa etch
Etch in HBr:CH3C00H:K2Cr20 7 (1:1:1) 95 seconds,
Stirring continuously (etch rate - 1 . 2  pm/min)
Rinse in H20 , blow dry in N2
Resist removal
Rinse in acetone, blow dry in N2
Photoresist
Wafer
Mesa
Wafer
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Figure-of-eight mode-locked laser
A figure-of-eight mode-locked laser (MLL) was used as a source of short pulses in the 
experimental systems of Chapter 5. The MLL setup used is as shown in Figure D .l, it 
was constructed by E. Burr [1] from the Ultrafast Photonics Group at UCL.
D.l MLL principle of operation
The cavity of a fibre laser can support many closely spaced modes. If the laser operates 
in multiple modes with mutual phase coherence they will interfere to produce a periodic 
signal in the time domain. This is known as mode-locking. Locking of many modes will 
result in the laser producing short pulses at the fundamental frequency of the cavity, 
which is the reciprocal of its round trip time (RTT).
The cavity of a passively mode-locked laser (MLL) incorporates a saturable absorber 
such that its loss is lower during mode-locked operation than during continuous wave 
(CW) operation. Harmonic MLL operation, in which pulses are produced at a multiple 
of the fundamental frequency, and the production of random pulse groups which are 
repeated at the fundamental frequency, are also possible. An MLL may also be realised 
by incorporating a modulator in the cavity of a fibre laser. The modulator must be 
driven at the fundamental frequency of the cavity, or at a multiple for harmonic 
operation. Such MLL are said to be actively mode-locked.
The figure-of-eight MLL uses a non-linear amplifying loop mirror (NALM) as a 
saturable absorber. Since the NALM switches solitons [2], solitonic pulses are 
produced. A generic figure-of-eight MLL consists of two loops, referred to as the 
passive loop and the NALM loop, which are connected by a 3 dB fibre coupler to form
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a laser cavity. The gain of the NALM is set by the lasing condition, it must exactly 
compensate for the loss in the passive loop which is unidirectional, since it contains a 
fibre isolator.
i 980nm pump light
WDM
coupler
Passive loop 
(10m STF) /
NALM loop 
(40m STF)
Polarisation
controller ) Erbium 
doped fibre 3dB
output
coupler
Output
coupler
Fibre
Isolator
Tunable
interference
filter
Polarisation
controller
Figure D .l: Tunable figure-of-eight MLL used in the experiments.
D.2 Figure-of-eight MLL used in the experiment
The figure-of-eight MLL used in the time resolved measurement configuration 
described in this thesis, which was based on a design by Margulis et. al. [3], is shown in 
Figure D .l. Gain is provided by a 3 m length of erbium doped fibre (EDF) pumped at 
980 nm through a wavelength division multiplexing fused biconical taper (FBT) 
coupler. The output is taken from the NALM loop immediately after the EDF for 
maximum pulse energy. The laser is tunable within the gain region of the EDF by 
means of a 3 nm bandwidth rotatable interference filter in the passive loop. In the 
absence of this filter the wavelength of operation would be determined by a 
combination of the EDF gain spectrum and the polarisation controller settings.
When the polarisation controllers are correctly set the laser may be started with a high 
pump current approximately 200 mA by disturbing the cavity fibre laser. It initially
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produces random groups of first and higher order solitons, which are repeated at the 
cavity fundamental frequency. The pump power can be gradually reduced until the 
cavity contains a single first order soliton. The laser produced 2ps full width half 
maximum (FWHM) pulses at a repetition rate of 4 MHz.
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Rate equations for an MQW saturable absorber
This appendix describes the rate equations for a multiple quantum well saturable 
absorbers [1] and the derivation of the equation which is used to fit the saturable 
absorber saturation curve in Chapter 6.
Haus and Silberberg have described a pair of rate equations which can be used to model 
excitonic absorption saturation in multiple quantum well (MQW) devices [2]. The two 
dimensional populations of excitons and free carriers confined in each QW are 
represented by the area densities Nex and NfC. The absorption coefficient of the MQW, a, 
is assumed to have a linear dependence on Nex and N/c,
where ao is small signal value of a. Aex and A/c can be interpreted as the screening areas 
of the free carriers and excitons. From experimental measurements [3],
a ~ a 0( l - A exNex- A fcNfc). (E .1)
(E.2)
For convenience, after normalisations,
(E.3)
and
(E.4)
When
(E.5)
the absorption is totally screened, that is a  = 0.
When
(E.6)
the intensity of illumination, I = Is.
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In reality, the approximation of Equation E.l is only expected to be accurate for 
relatively low area densities of free carriers and excitons. Assuming that nex and n/c 
decay exponentially with the time constants xex and X/c, they can be described by the rate 
equations
dn„ 2a  I (E.7)
<* tfc I,
and
dn fc _ 1 nlx nfc
dt 2 Tfr
(E.8)
where a  = normalised absorption coefficient. The normalisation of a  is such that 
a  = a !  a 0 . The factor of a half in the growth term of Equation E.8 appears because
every exciton decays to two free carriers, and the screening area of the free carriers is a 
quarter of that of the excitons (from the approximation of Equation E.2.)
The ratio between I and the consequent rate of increase of nex expressed by the growth 
term of Equation E.7 is such that, assuming that nex «  n/c, the condition of Equation E.6 
is satisfied when I = Is.
The assumption that nex «  rifC can be justified for MQWs with exciton and free carrier 
life times such that Tex «  T/c by considering the small signal solution of Equation E.8,
(E.9)
Tfc
Assuming a uniform absorption profile and ignoring non-saturable losses, the 
transmission of an MQW layer of thickness d will be
T = exp (~a0a d ). (E.10)
Unsaturable losses is considered by introducing the fully saturated transmission of the 
MQW, rs,
T - T s exp( -a 0a d ) . (E. 11)
For convenience the contrast ratio, R is used, this is the ratio between Ts and the small 
signal, unsaturated, transmission.
R = exp (a0d ) . (E. 12)
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From Equation E.l 1, we have
T = Ts exp(a0dT*
.  (E.13)
= TsR-a
When working in terms of saturation power, Ps, and power incident on the device, P. 
Equation E.7 is then written as
d/i 2a  Pex _
dt rfc Ps r„
(E.14)
The rate equation can be simplified to assume that free carriers are directly exited by 
absorbed photons when the MQW is excited by a pulse which is long compared to the 
300 fs exciton life time, as in the case with the picosecond pulses in transmission 
systems.
The free carrier population then directly reduces the probability of free carrier 
excitation. Ignoring the excitons,
a  = a 0( l - A frNfc) (E.l 5)
and
a = \ - n fc. (E.16)
The evolution of rifC is imply
tbit, _ a  P ip
dt t/c Ps X jc
and the transmission of the MQW layer is
T = TSRT“
= T R n~l
(E.17)
(E.l 8)
If the carrier lifetime in the MQW is reduced, through some mechanism such as ion 
implantation then, provided that the free carrier and exciton screening areas remain 
unchanged, the product Ps7fC can be expected to remain constant. PsTfC can be referred to 
as the pulse saturation energy, Es. It is the energy of an infinitely short pulse which will 
cause the free carrier population to increase from 0 to 1. When expressed in terms of the 
pulse saturation energy, Equation E.17 now becomes
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dn _ (1 -  n)P n 
dt Es ?fc
When dn/dt = 0, that is during the small signal condition,
(E.19)
PI F
n = -----------  . (E.20)
1 1 ^  +PIE,
Representing Equation E.20 in terms of Ps rather than Es, hence eliminating TfC,
PIP,
n = T + p f p s ' < * 2 1 >
Substituting Equation A.21 —> Equation A. 18,
t  = t r -iki+pips)' (E.22)
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